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Preface

AVIATION WEATHER is published jointly by the FAA Flight Standards Service and the National Weather
Service (NWS). The publication began in 1943 as CAA Bulletin No. 25, "Meteorology for Pilots,” which at the
time contai ned weather knowledge considered essential for most pilots. But as aircraft flew farther, faster, and
higher and as meteorological knowledge grew, the bulletin became obsolete. It wasrevised in 1954 a~ "Pilots
Weather Handbook" and again in 1965 under its present title.

All these former editions suffered from one common problem. They dealt in part with weather services which
change continually in keeping with current techniques and service demands. Therefore, each edition became
somewhat outdated almost as soon as published; and its obsol escence grew throughout the period it remained in
print.

To alleviate this problem, the new authors have completely rewritten this edition streamlining it into aclear,
concise, and readable book and omitting all reference to specific weather services. Thus, the text will remain valid
and adequate for many years. A companion manual, AVIATION WEATHER SERVICES, Advisory Circular 00-45,
supplements AVIATION WEATHER. This supplement (AC 00-45) periodically is updated to reflect changes
brought about by latest techniques, capabilities, and service demands. It explains current weather services and
the formats and uses of weather charts and printed weather messages. The two manuals are sold separately; so at
anominal cost, a pilot can purchase a copy of the supplement (AC 00-45) periodically and keep current in aviation
weather services.

C. Hugh Snyder, National Weather Service Coordinator and Training Consultant at the FAA Academy,
directed the preparation of AVIATION WEATHER and AVIATION WEATHER SERVICES. He and his assistant,
John W. Zimmerman, Jr., did much of the writing and edited the final manuscripts. Recognition is given to these
meteorol ogists on the NWS Coordinator's staff who helped write the original manuscript, organize the contents,
and planillustrations: Milton Lee Harrison, Edward A. Jessup, Joe L. Kendall, and Richard A. Mitchem. Beatrice
Emery deserves special recognition for her relentless effort in typing, retyping, proofing, correcting, and
assembling page after page of manuscript. Many other offices and individual s have contributed to the
preparation, editing, and publication of the two volumes.



Contents

Page
L <= o 11
L0 [ Tox o ISR X1

PART |.WHAT YOU SHOULD KNOW ABOUT WEATHER

Chapter 1. THE EARTH'SATMOSPHERE
COMPOSITION ..ottt rea s st R R R R RS R R R R R E bbbttt e
Vertical SITUCLUNE. ......oeeveeecrereeeeeeeeeeene
The Standard Atmosphere.........cccocvvereerneene
DENSITY NG HYPOXIAL ..t sese st ses sttt e bbbt b ettt

CREPLEN 2. TEIMPEIBEUNE. ......oieecerecereee ettt s et bR s e R R R Rt b bR 5
Temperature Scales
HEAE AN TEMPEIBIUNE .......ceveeteeetieee ettt s R8s E R E e a bbbt 6
TEMPEIEIUIE VATELIONS. ... ..ccueerereuceeteereeeetetseseasaeesesessseesesessee b e e e asssesessaesessesesebe b s e e seeeEsE e aehebseseseE e b e e e e Re b e e e e aeaebes s et s e b e b e rean b et ee e an bt sssennben 7
[N CTOSING et ieee s ses ettt e e e8RS R R R R R 10

Chapter 3. AtmMOSPhEriC Pressure AN ATTIMEITY ...t 1
ATMOSPNENTC PIESSUIE........ooceiieieee ettt s 1

ATITIEITY ..o eeees e esees e e e e et ee et e et e e s s e e ses s e eeeessseee s 17

CREPLEE 4. WING. ..ottt e sea s s R AR R bRt R bR E s p s 23
Convection.........cceeeeeeeueeeennen.
Pressure Gradient Force.............
CoriolisForce.......coeeeeeueeeennee.
THE GENEIAl CITCUIALION. ...ttt ettt ettt ettt e e et bese e s s et ese st s esese s et ebese s sseteseseebesese s et ebeneasesesensseebesenssesesensesesanens
FTICHION .ttt ettt sttt be et be s e s e et ese st b esese s et ebese e esebesese b esesesseeebens et esesessseebeseseesesebet et ebeseasseetene e esesasenseratan
The Jet Stream
Local And Small Scale Winds.
WVINA SNEAL ...ttt ettt ettt st et be st e s ebese st et eseae s et ebaneebebesensseebese et et asese et ebass s esebensatebesenssenbesenesesesensasetan
Wind, Pressure SystemS, ANG WEBLNET ...ttt

Chapter 5. Moisture, Cloud Formation, ANd PreCiDitalioN. ..........ceereereeinieiieseesee s sssssseans
WVELET VBIDOK ...ttt E £ s B REsEe bbb
CRENGE OF SEAEE........coereereerrieerie et res e res bbbt E RS AR ARt
Cloud Formation..........couecereeeen.
Precipitation ...
Land And Water Effects............
F T o= 1 T TSSOSO

Chapter 6. Stable AN UNSIADIE AT ...ttt s
Changes Within Upward And Downward Moving Air
Stability AN INSLADIHTTY ....occeeerereeceir et
WHEE DOBS IT AT IVIBANT ...ttt bbb e £ s R £ e £t b b st b b s sttt a et e 52

VI



Chapter 7. Clouds
[dentification .........ccoennreneceneecineeens

FTOMIES <.ttt E AR R AR R AR E AR R AR R AR 64
FroNtS AN FLIGNE PlANNINQ ....c.ccuiiieeirecscsecse st sse st sessssssssssssessssssssesesssssssssssssssesessssssssassssssssessssssesassnssnsesassssesasnsnses 78

(@1 7= 101 (= g T I o101 =" 0 o TP
Connective Currents
ODSETUCETONS TO WINGA FIOW.......coiiteecicctecce ettt ettt et bbb bbb bbbttt b e b ettt e b et et et e b et et et eb et bebe s et et ebesetebebesetetebenate 82
WV SNEAN ..ottt ettt ettt bbb e et e et et e b s et e sttt b et et s e et e e et s e et s e et s s et es s e s s e ennas
Wake Turbulence
[N ClOSING. 11 tuttetereeseeeresestetsesessssssesessssssesesssetessesssssessssssessssesssssessesesssesassssnsessssssnsesessssssnsessssnsesassesssesessssssnsesassssnsnssssnsnsessssnssnsasnssnsesnsnsnnes

(@170 1= 000 0T o o U 91
Structural 1CING ..o
Induction System Icing
INStrument 1CiNg .....ccevveceeeeerereeerereeeeeene
Icing And Cloud Types
Other Factors I ICiNg ......ccovveveveeeirerenneen
GIOUND ICING 1. tuturtrtreeeseetrssiseseessesssssssesssste e sesssessasssssessssesssesassesssssessssssesessesssnsssssssssesssssnsesssesesessssnssnsesssssesassssssnsessssnsesnsnnsnsesnsnnnnses
FTOSE eSS R SRR E SRR A SRR SRR AR R R AR R R R R R e R R R e e R e e rer e
8 o1 o TP

Chapter 11, THUNCEISIOIMIS .. ....cucveeeeeeteiresestesesessesesesssssessesessss s sessssssssesssesessessss et e s sasessesesssessssesssesassssssnsessesssnsssssssnsesasnssnsnsnsnssnsessnens
Where And When?.........ccoovvncnencneennes
QLI LSV D10 A LU A =T o 1= o TP
QLI LS LS 0 L= (V75PN
Rough And Rougher. ........ccccovveeerreceennen.
HBZAITS . ...ttt e bbb R R AR R AR bbbt 113
THUNJErSEOIrMS AN RAUAL. .. ..ottt eee bbb s s bR bbbttt bbbt
Do's And Don'ts Of Thunderstorm Flying

Chapter 12. COMMON IFR PrOUUCES. .......cociieireriseeeresesteisesesssstsssessssssssssssssssssssssesssssssssssssssssessssssssesasssssssssssssssesessssssssessssssssesssssssesssens
FOQ o
Low Stratus Clouds. Haze And Smoke....
Blowing Restrictionsto Visibility.............
Precipitation .......ccoceeevenecsnenseeseseseenens
Obscured or Partially Obscured Sky. ......
8 o1 o TP




CANOPY SEALIC ...vurveereeeerreeerreee e ser et s st e st a e s8R E s e e e E ARt s e n s 145
ot oo T OSSOSO ST 145
TRUNAEISIONTS ...ttt et bR Rt 145
Chapter 14. ATCHIC WEBENET .......c.ceeiereecret ettt 147
Climate, ATr MESSES, AN FFONES ..ottt es e res bbb bbb b 148
Arctic Peculiarities
Weather Hazards..........cccocvverenee.
ATCHC FIYING WEBLNEN ..ottt st 154
F T O o= oo OO TSP SOOI 155
Chapter 15. TrOpiCaAl WEBLNET........c.ccueeirierrietrie st et 157
Circulation
THEANSITONY SYSEIMS .....cevieeiereeer ettt e s s s s AR e Rttt 162
Chapter 16. SOAITNG WEBLNEN ..ottt s e bbbt 171
Thermal Soaring
Frontal Soaring.........ocveeeveeeneeenn:

SEABIEEZE SOBITNG. ... vurveeutrreaerreee ittt b s R ee bR R RS e bR R R
RITGE OF Hill SOBING .......veuerieeeieeiiieestisessiseee it ses e s st s R s Rt E e
Mountain Wave Soaring
IN CIOSING....vverererereerreerreeereaeene

VI



llustrations

6. Temperature differences create air movement and, at times, CIOUdINESS. ........cccrrirrrrereeereresee s sessse e sessees 9
7. Inverted lapse rates or "inversions"
8. Themercurial barometer...........ccouvvvvevcrrevcrnenns
LS I ST o N 0= o)< = OO
10. The StaNard GLMOSPNEIE .......ccvueeuiireecrreeerreee et s s bR R e
11. Three columns of air showing how decrease of pressure with height varies
WITR TEMPEIBEUNE ...ttt
12. Reduction of station pressureto SEAIEVEL..........cc it
13, PrESSUIE SYSLEIMIS ......ooceeiecececr et sesese e s e e s e e E e AR R R R e e R e s e s s
t4. Indicated atitude depends on air temperature below the aircraft
15. When flying from high pressure to lower pressure without adjusting your
atimeter, you are losing true altitude

16. Effect of temperature 0N altitUE...........cccueerreerreeereerener s
17. Effect of density altitude on takeoff @nd ClIMD ..o en 20
18. Convective current resulting from uneven heating of air by contrasting

SUITACE TEIMPEIGLUIES.........ceeseeeeeeseeres et eese et s s sese s ses et s £ RS s R R 8 E Rt e e r s 24
19. Circulation asit would be 0N anONrotating GIODE...........ccceieerietee bbb 25
20. Apparent deflective force due to rotation of ahorizontal PlatforM..........ccverrincee s 26
21. Effect of Coriolisforce on Wind relatiVeto ISODAIS ..........ctreerrecrreerreeeirise st ses e s 27
22. In the Northern Hemisphere, Coriolis force turns equatorial winds to

westerlies and Polar WiNOS t0 EASTEITIES ...t 28
23. Mean world-wide surface pressure diStribUtion iN JUTY .........c.oceeen e seeas 28
24. Mean world-wide surface pressure distribUtion iN JANUAIY ... sesssses e sssesssseeas 29
25. General average circulation in the Northern Hemisphere...........ovvcvvcnncncnecnecenneens

26. Air flow around pressure systems above thefriction layer
27. Surface friction slows the wind and reduces Coriolisforce; winds are

deflected across the iSODars tOWaAId [OWES PIrESSUIE. ........c.wcuiieeireeereeersee et sss e eae s s bbb
28. Circulation around pressure SyStemMS al the SUMTACE. ..ot
29. The"Chinook" isakatabatic (dOWNSIOPE) WiNd............ccveeemrerrrnernrerrenerreereeeneeeneieeseeens
30. Land and sea breezes,
3L WING SNEA. ...ttt st a e s s s s st s nnns
32. Blue dotsillustrate the increased water vVapor CapaCity Of WaIN @I ..........ocreeereerieeenieemnseeesteee s
33. Relative humidity depends on both temperature and Water VAPOT ..........c.occueeereerrieemnieeesseessssess e ssessssessssssssssssesssssssssssenns

11
36. Growth of raindrops by COIliSioN Of ClOUT ArOPIELS..........ccreeereecreieer e 42
7. LAKE EFTECLS ..ottt s bR AR AR 43
38. Strong cold winds across the Great L akes absorb water vapor and may

carry showers as far eastward as the APPaAIACHIANS............cceirc e 44

39. A view of cloudsfrom 27,000 feet over L ake Okeechobee in southern



o 1= OO Page

40. Decreasing atmospheric pressure causes the balloon to expand aSit FSES.......cccwevvrenrersenrerse e 48
41. Adiabatic warming of downward moving air produces the warm Chinook

1T OO P POV 49
42. Stability related to temperatures aloft and adiabatiC COOlING.........cccviicirrecccr e es 50
43. When stable air isforced upward, cloudinessisflat and stratified. When unstable air is forced upward,

cloudiness shows extensive VErtiCal deVEIOPIMENT ..o s

44, Cloud base determination. ..........cccccceeeeeeeeeeereneeeseenen.
A5, CIITUS...ocueeeeteeeeeeeteeeeeee et e e ns

46. Cirrocumulus.
A7, CIITOSITALUS.......ceveteeeeeieteecieteseeetetete st etetese s seebese e sesesessesesasensssetase e sesase s esebase s s ebeseseebesasessesebans et sasansseebenenssesasessasebesenssenbesesssesesensssatan
AB. AITOCUMUIUS.........eeieiieteeeee ettt ettt sttt b aebe e b e bese e saebese st besese s esebase s sebeseseebesesessebebase et sasansse et eneas s esase s et ebesenssenbenesesesasensssatan
O, ATOSIFALUS. «...cueveveeeeeietee ettt te et et e te et et e ae et eaese e esebese s ssebase st besese s esebase s ssebeseaeabesesessebebase et basansseebenensasesase s et ebesenssenbenesesesesensssatan 56
50. Altocumulus castellanus..............cccueueeneeee.

51. Standing lenticular altocumulus clouds.
52. NIMBOSLFAtUS.......cveueeveeereieteeieee e

D3 SHIBLUS. ...ttt te et e e et e e se st e se s aeseebessesessensebe s eseeee e ebeseese et e e eResEene et eeeaeeEeneebeseeaeeteneeseseaeebeneesenteseesenseseteneeseseseatans
DA, SEEBEOCUIMUIUS......cvevetiieteteeeeie et te ettt te et st ebe e st et eaese s stebe e s sseseseseebesasesssebassasebesessse et ebase s esebessseebebene s et ebe s b ebasensseebensnsasesasesasesaneas
D5, CUMUIUS.. ...ttt ettt ettt ettt e be e et ebeae st ebeaese e seebase s ebesaseseebesese s esebassseebesesess et ebesesesebensseebebens s et ebe e b esasensseebansnsasesasesetetaneas
56. TOWEKTNG CUMUIUS.......cuiteueeeieieueraietesessiesesesstesesssasasesesssasesasasesesasasesasesesasasesasasesesasasesesesesesesasesesesesesesesesesesesesesesesesesesesasasesesasasesesasesasasass
57. CumulonimbuUus........c.coceeeeeueeeeieeieeeeeteee e

58. Horizontal uniformity of an air mass
59. Cross section of acold front with the weather map symbol

60. Cross section of awarm front with the weather Map SYMDOL. ..o enes 67
61. Cross section of astationary front and its weather map SYMDOL ..o renes 68
62. The life CYCle Of aTrONTAl WAVE. ......c.ccuieiciecciee et b bbb bbb b A bbbttt e bbb b s et et e bntee 69

63. Cross section of awarm-front occlusion and its weather map symbol
64. Cross section of a cold-front occlusion
65. Frontolysis of astationary front..................
66. Frontogenesis of astationary front..........ccceeceeeevercrnnenes
67. A cold front underrunning warm, moist, stable air
68. A cold front underrunning warm, MOiSt, UNSEADIE @IT.. ......ccccuiueueeiiiiecsesee ettt bbbt bbbt s st s snnaes
69. A warm front with overrunning MOISt, SLADIE @IT. .......c.ccciiieiccecr ettt bbb s st s senee 74
70. A slow-moving cold front underrunning warm, MOist, UNSLADIE @IT ........cccciieeeciienescee ettt senes
71. A warm front with overrunning warm, moist, unstable air............ccccoeeeeerennnen.
72. A fast moving cold front underrunning warm, moist, unstable air.................
73. A warm front occlusion lifting warm, moist, unstable air............ccccceceeeerennen.
74. A cold front occlusion lifting warm, MOist, SLADIE @IT.. ....c.ccciiiecccee sttt senes
75. An aerial view of aportion Of @SQUEIT TINE. .......c.cciiieiiicsce e ettt b bbbt s bbb st et snnee
76. Effect of convective currents on final @PPIOACK. ..ot bbbt bbbt b st et bntee 80
77. Avoiding turbulence by flying above CONVECLIVE ClOUAS..........cccciieiiieecsicee ettt sss ettt s st seses
78. Eddy currents formed by winds blowing over uneven ground or over obstructions....
79. Turbulent air in the landing area.

80. Wind flow in mountain areas............ceveveeeererereneenen.
81. Schematic Cross SECtioN Of @ MOUNTAIN WEAVE. ........cvuiururiririureeirereeiessesessae st e s sas b se b e s bse ek s s bt es s bt esaenbatas 2%}
82. Standing lenticular clouds associated With @ MOUNTAIN WAVE..........cccccieueeniieeeees sttt ettt s sssesesesaes 85
83. Standing wave rotor clouds marking the rotary circulation beneath mountain Waves. ... 86
84. Mountain wave clouds over the Tibetan Plateau photographed from a

L TE T TS0 S 0= 0o | TP 87



o 1= OO Page
85. Satellite photograph of a mountain wave and the surface analysis for approximately the sametime. .........cooceevveveccsevecnenns 87
86. Wind shear in a zone between relatively calm wind below an inversion and strong wind above theinversion.................... 88
87. Wake turbulence wing tip vortices devel oping as aircraft breaks ground
88. Planning landing or takeoff to avoid heavy aircraft wake turbulence ....................
89. Effects of structural icing........cccceevverereenne

90. Clear, rime, and mixed icing on airfoils
91. Clear wingicing (leading edge and UNEISIAE).........ccccueuririerieririseresesissesessstsesessssessessssesss s s sssssssessssssssessssssssssesssnssessssnssases

LS 720 = (0] 0 1= | = o oo TR 95
93. Rimeicing on the nose of aMooney "Mark 21" aircraft

LS ST O o 11 = (g o TR
96. Internal pilot tubeicing

97. Clear ice 0N an @irCraft @NEENMNAIMASL.........c.veurieerieeeirere sttt ree e bbb s bbbttt

98. Freezing rain with awarm front and @ COIA FrONL. ..........cciirerrcce sttt s st 101
99. FroSt ON @N GIFCTEL......c.eeuiereeeireeeireee ettt

100. The average number of thunderstorms each year

101. The average number of days with thunderstorms during SPriNg. ......ccccevcernereenrensss s ssesssssessesens 107
102. The average number of dayswith thunderstorms during SUMIMES . ........c.covcerirereeneressss s sssssssssssesssssssseens 108
103. The average number of dayswith thunderstorms during fall. ... 109
104. The average number of days with thunderstorms during WINLEN ..........cccocviecennensesressssessss s ssessssssssesssssessenens 110
105. The Stages Of @ thUNGEISIOMM ..ot s s s e s bt s e e st ne e nns e s e nns 112
106. Schematic of the mature stage of a steady state thunderstorm CEll. ... 113
FOT7. A TOMNBOO ...cevreeireeeertieesteee sttt rees bbb bR e E e e s bbb b £ £ £ R E AR E A e AL ee At bt b bbbttt 114
SR Y7 = =" o | T 114
109. FUNNE CIOUGS. ...ttt ettt bbb R bbbt bbbttt 115

110. Cumulonimbus Mamma clouds
111. Tornado incidence by State and area.

B s U I T g T= 1 0T =T o g 1T 118
113. Schematic cross section of athunderstorm...
114. Hail damage o @ @IFCIAfL.......ciieeeeerecsteresceste sttt e e s s e b s e et ee st e e e e s bt s e sn st ne e nns et s rens
115. Radar photograph of aling Of tUNEISLOIMS.........c.oiceiecerres ettt s s
116. Use of airborne radar to avoid heavy precipitation and turbulence
117. Ground fOQ @S SEEN frOM ENE @IN. .....cucceeeereccie ettt s e s bt s e e s s ne e nns e s nns 126
118. AAVECION FOQ IN CAlIfOINIAL ...vveeceeereceeie sttt ss s s e s b e s e s s se e sn s et e e sn bt s e ansesne e nnsns e ens
119. Advection fog over the southeastern United States and Gulf Coast
120. Smoke trapped in stagnant air under an iNVErSiON.........ccceveeeeceeneveseseseseenesenens
121. Aeria photograph of blowing dust approaching With aCold front...........cccerrreerrncse s
122. Difference between the ceiling cawed by a surface-based obscuration and the ceiling cawed by alayer

BlOFL . bR AR AR SRS AR e AR R bR bbbt 131
123. A cross section of the upper troposphere and OWer SLFALOSPRETE. .......c.cvvvcecrireeerress st sssssessesens 136
124, Artist's CONCEPL Of thE JEL SITEAIM. ......ceucveiiecrcier sttt a et e e s bt ee e e st ne e nns et s 137
125, A JEE SEEAIM SEOIMENT ...ttt esessssesessssse e se s sesse e s s s ee e sese s s e e sa s e e e snseses e se s e b e s e e s e s eeaesesn s et s e sn b et s e e sesnennsnsnssrens 137
126. MUIIPIE JEL SLIEAIMS.......cveviececieiricisiseseseste st assssssssessssse s e se st ea s s st ee e s st s e sns e e e e sesas e e s e b e s e e sases e e sns et s e sn b et s e snsesnnnnsnsnsrsens 138
127. Mean jet positions relative 10 SUFACE SYSLEMS.......cvicieiiireresesisise st asess s ss st ssesssssessssssssessssssnsssssnssssessenens 139
128a. Satellite photograph of @an OCCIUAEA SYSLEM.......ccveicieiiecereresr sttt an s s e s s s s 140
128b. Infrared photograph of the system shown iN fiQUre 128a..........cccccuveierieceeseeesseses st ssesssssesssens 141
129. A frequent CAT location is along the jet stream north and northeast of arapidly deepening surface low...........ccceun.e.. 142
P30, CONLFAIIS.. ..t eueeeuetreeeertiee sttt sese e bbb bbb e e bR bR bbb £ £ AR E e E e AL ee bbb bbbttt 144

Xl



o U= TN
131. The Arctic
132. Sunshinein the Northern Hemisphere
133. The permanent ATCHIC ICE PACK........cvuirieirirrrieirerestetsesest e ea st a s st se e st s e s et e s se e sn s e s e e s bt es e e st nennnnsesreens
134. Average number of cloudy days per month (Arctic)
135. Visibility reduced by blowing snow.............

136. A typical frozen landscape of the Arctic
137. Vertical cross section illustrating convection in the Intertropical CONVErgenCe ZONE..........cvuceevereeeeerresessessnesssssssesssssesnes
138. Prevailing winds throughout the TrOPICS iN JUIY ........cceuiiireirrcsesesese sttt s s s s st snssssssssnsnssssens
139. Prevailing winds in the TropiCS N JANUBIY . ......cccceurureieeieiressesesesesssessssessssssssesssssessesssssessssssssesssssssessssssnses
140. A shear line and an induced trough cawed by apolar high pushing into the subtropics..................
141. A trough aloft acrossthe Hawaiian [ Slands...........ccceccenrrnneneeisseses s ssessssssssesssnens
142. A Northern HEMISPhEre aStErTY WAVE........c.ccuvvieeeericcierisesie sttt ettt s st es s s s s s nsnsnsnssens
143. Vertical crosssection along liN@ A—B iNFIQUIE 142 ...ttt s st ssessnsessssens
144. Principal regionswhere tropical cyclonesform and their favored directions of movement
145. Radar photograph of hUITICANE "DOMNA ...ttt a st sn bt es s s st ne s snsnssens
146. A hurricane ODSEIVEU DY SALEIIITE.......ccueiecicerereces ettt sn s sn bt a e s s ne e e s s s
147. Thermals generally occur over asmall portion of an areawhile downdrafts predominate............ccoeeveivveeerieresenes ceeveseenns
148. Using surface dust and smoke movement asindications of athermal. ...........cccccvuenee.
149. Horizontal cross section of adust devil rotating CloCKWISE. ........cccvvevvevrverreserereecienen,
150. Cumulus clouds grow only With aCtiVe tREIMEIS..........ccceiicerresc st s s
151. Photograph Of @ dyYiNG CUMUIUS..........cccceuiiiiecericsetseseste sttt s st s s st et ss s st s s s snsssnenesnsnssssens
152. Altocumulus castellanus clouds are middle [evel CONVECLIVE ClOUAS...........cocurcuriciricircireeeeisesire e eaes
153. Experience indicates that the "chimney" thermal isthe most prevalent

157. Photograph of cumulus clouds severed by Wind SNEET . ........ccvveeevvercceseseeeseses st ssessseessesssnens
158. Conditions favorable for thermal StrEEtiNG.........ccccvvercnrercerreee st ssss s senanees

159. Cumulus clouds in thermal streets photographed from a satellite high resolution camera
160. The PSEUAO-AIGNAHC CREIT ..ottt ea bbb bbbt bbb bbbt
161. An early morning upper air observation plotted on the pseudo-adiabatic

162. Computing the therMal INAEX (T1) ...cuvvveerircecieirereseee st s st s s se et s e e s s se s sn s et s e s b b s s snsesnennansnsrsens
163. Another example of computing Tl's and maximum height of thermals..........cccceveeeivvvccciesercccssenennns

164. An upper air observation made from an aircraft called an airplane observation or APOB
165. Schematic cross section through aseabreeze front..........ooeeeceverceissese e eesesseeees

166. Sea breeze flow into the San FErN@aNO Vall€) ...t s et
167. Seabreeze convergence zone, Cape Cod, MaSSACNUSELLS ........cccccecurireiieriers et ssesss st sssssssssssssssssessesens
168. Schematic cross section of airflow OVEr aridge........oovevvvecerereee s
169. Strong winds flowing around an iSolated PEaAK. .........ccerurereeerrrereensesseses e
170. Wind flow over various types Of LEITaIN........ccvececrreceieressssssess et sessesssssesens
171. Schematic Cross SECtion Of @MOUNLAIN WEAVE ...ttt sese ettt bbb s bbbt aes
172. Wave |ength @nd @MPLITUTE.........cccureieeeiriceresesstseses st se ettt sn et n s bt ee e sn st ne e nns et s ens

Xl



Introduction

Weather is perpetual in the state of the atmosphere. All flying takes place in the atmosphere, so flying and weather are
inseparable. Therefore, we cannot treat aviation weather purely as an academic subject. Throughout the book, we discuss each
aspect of weather asit relates to aircraft operation and flight safety. However, thisbook isin no way an aircraft operating manual.
Each pilot must apply the knowledge gained here to his own aircraft and flight capabilities.

The authors have devoted much of the book to marginal, hazardous, and violent weather which becomes avital concern. Do
not let this disproportionate time devoted to hazardous weather discourage you from flying. By and large, weather is generally
good and places little restriction on flying. Less frequently, it becomes athreat to the VFR pilot but is good for IFR flight. On
some occasions it becomestoo violent even for the IFR pilot.

It behooves every pilot to learn to appreciate good weather, to recognize and respect marginal or hazardous weather, and to
avoid violent weather when the atmosphere is on its most cantankerous behavior. For your safety and the safety of those with
you, learn to recognize potential trouble and make sound flight decisionsbef or e itistoolate. Thisisthereal purpose of this
manual.

AVIATION WEATHER isin two parts. Part | explains weather facts every pilot should know. Part 11 contains topics of special
interest discussing high altitude, Arctic, tropical, and soaring weather. A glossary definestermsfor your reference while reading
this or other weather writings. To get acompl ete operational study, you will need in addition to this manual a copy of AVI ATl ON
WEATHER SERVICES, AC 00-45, which isexplained in the Preface.

We sincerely believe you will enjoy this book and at the same time increase your flying safety and economy and, above all,
enhance the pleasure and satisfaction of using today's most modern transportation.
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THIS PIACE

HAS
\NO ATMOSPHERE
_..--"""—’

Chapter 1

o THE EARTH POES..

THE EARTH'S ATMOSPHERE

Planet Earth is unique in that its atmosphere
sustains life as we know it. Weather—the state of the
atmosphere—at any given time and place strongly
influences our daily routine aswell as our general life
patterns. Virtually all of our activities are affected by

weather, but of all man's endeavors, noneis
influenced more intimately by weather than aviation.
Weather is complex and at times difficult to
understand. Our restless atmosphere is almost
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constantly in motion asit strivesto reach equilibrium.

These never-ending a;r movements set up chain
reactions which culminate in a continuing variety of
weather. Later chaptersin this book delveinto the
atmosphere in motion. This chapter looks briefly at
our atmospherein terms of its composition; vertical
structure; the standard atmosphere; and of special
concern to you, the pilot, density and hypoxia.
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COMPOSITION

Air isamixture of several gases. When OTHER GASES
completely dry, it isabout 78% nitrogen and 21%
oxygen. Theremaining | % is other gases such as
Argon, Carbon Dioxide, Neon, Helium, and others.
Figure| graphs these proportions. However, in
nature, air is never completely dry. It aways
contains some water vapor in amounts varying from
almost zero to about 5% by volume. As water vapor
content increases, the other gases decrease

proportionately.

OXYGEN

|

NITROGEN

n Fioure 1. Compaosition of a dry atmosphere. Nitroge
xr comprises about 789%,;; oxygen, about 21%,;; and oth¢
r- gases, about 19. When water vapor is added, the pe
= centages decrease proportionately. Water vapor varh

ot wnns b oabeaoe EO7 ke g

VERTICAL STRUCTURE

We classify the atmosphere into layers, or
spheres, by characteristics exhibited in these layers.
Figure 2 shows one division which we use in this
book. Since most weather occursin the troposphere
and since most flying isin the troposphere and
stratosphere, we restrict our discussions mostly to
these two layers.

The TROPOSPHERE isthe layer from the surface to
an average atitude of about 7 miles. It is characterized
by an overall decrease of temperature with increasing
atitude. The height of the troposphere varies with
latitude and seasons. It slopes from about 20,000 feet
over the poles to about

65,000 feet over the Equator; and it ishigher in
summer than in winter.

At the top of the troposphereisthe
TROPOPAUSE, avery thin layer marking the
boundary between the troposphere and the layer
above. The height of the tropopause and certain
weather phenomena are related. Chapter 13
discussesin detail the significance of the
tropopause to flight.

Abovethe tropopause is the STRATOSPHERE.
Thislayer istypified by relatively small changesin
temperature with height except for awarming trend
near the top.

THE STANDARD ATMOSPHERE

Continual fluctuations of temperature and pressure
in our restless atmosphere create some problems for
engineers and meteorol ogists who require a fixed
standard of reference. To arrive at a standard, they
averaged conditions throughout the atmosphere for
all latitudes, seasons, and altitudes. Theresultisa
STANDARD ATMOSPHERE with

specified sea-level temperature and pressure and
specific rates of change of temperature and pressure
with height. It isthe standard for calibrating the
pressure altimeter and developing aircraft

18



performance data. Werefer to it often throughout this
book.
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Fioure 2. The atmosphere divided into layers based on temperature. This book concentrates on the lower two layers, the
troposphere and the stratosphere,

DENSITY AND HYPOXIA

Air is matter and has weight. Sinceit is gaseous, it is compressible. Pressure the atmosphere exerts on the surface is the
result of the weight of the air above. Thus, air near the surface is much more dense than air at high altitudes. This
decrease of density and pressure with height enters frequently into our discussionsin later chapters.

The decreasein air density with increasing height has aphysiological effect which we cannot ignore. The rate at which
the lungs absorb oxygen depends on the partial pressure exerted by oxygen in the

air. The atmosphere is about one-fifth oxygen, so the oxygen pressure is about one-fifth the total pressure at any given
atitude. Normally, our lungs are

accustomed to an oxygen pressure of about 3 pounds per square inch. But, since air pressure decreases as altitude

increases, the oxygen pressure also decreases. A pilot continuously gaining altitude or making a prolonged flight at high
altitude without supplemental oxygen will likely suffer from HY POX1A—a deficiency of oxygen. The effects are afeeling
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of exhaustion; an impairment of vision and judgment; and finally, unconsciousness. Cases are known where a person
lapsed into unconsciousness without realizing he was suffering the effects.

When flying at or above 10,000 feet, force yourself to remain aert. Any feeling of drowsiness or undue fatigue may be
from hypoxia. If you do



not have oxygen, descend to alower altitude. If fatigue or drowsiness continues after descent, it is caused by something
other than hypoxia.

A safe procedure isto use auxiliary oxygen during prolonged flights above 10,000 feet and for even short flights above
12,000 feet. Above about 40,000 feet, pressurization becomes essential.



Chapter 2
TEMPERATURE



Since early childhood, you have expressed the
comfort of weather in degrees of temperature.
Why, then, do we stresstemperature in aviation
weather? L ook at your flight computer;
temperature enters into the computation of most
parameters on the computer. In fact, temperature
can be critical to someflight operations. Asa
foundation for the study of temperature effects
on aviation and weather, this chapter describes
commonly used temperature scales, relates heat
and temperature, and surveys temperature
variations both at the surface and al oft.



TEMPERATURE SCALES

Two commonly used temperature scales are
Celsius (Centigrade) and Fahrenheit. The Celsius
scaleis used exclusively for upper air
temperatures and is rapidly becoming the world
standard for surface temperatures al so.

Traditionally, two common temperature
references are the melting point of pureice and
the boiling point of pure water at sealevel. The
melting point of iceis 0° C or 32° F; the bailing
point of water is 100° C or 212° F. Thus, the
difference between melting and boiling is 100
degrees Celsius or 180 degrees Fahrenheit; the
ratio between degrees Celsius and Fahrenheit is
100/180 or 5/9. Since 0° F is 32 Fahrenheit degrees
colder than 0° C, you must apply this difference
when comparing temperatures on the two scales.
Y ou can convert from one scal e to the other
using one of the following formulae;

C=9F—32)

F=5C+32

where C isdegrees Celsius and F is degrees
Fahrenheit. Figure 3 compares the two scales.
Many flight computers provide for direct
conversion of temperature from one scale to the
other. Section 16, AVIATION WEATHER
SERVICES has agraph for temperature
conversion.

Temperature we measure with athermometer.
But what makes athermometer work? Simply the
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o Ficure 3. The two temperature scales in common use
addition or removal of heat. Heat and temperature are the Fahrenheit and the Celsius. 9 degrees on the
are not the same; how are they related? Fahrenheit scale equal 5 degrees on the Celsius.

HEAT AND TEMPERATURE

Heat isaform of energy. When a substance
contains heat, it exhibits the property we measure
as temperature—the degree of "hotness" or
"coldness." A specific amount of heat absorbed by
or removed from a substance raises or lowersits
temperature a definite amount. However, the
amount of temperature change depends on
characteristics of the substance. Each substance
has its unique temperature change for the specific
changein heat. For example, if aland surface and a
water surface have the same temperature and an
egual amount

of heat isadded, the |land surface becomes hotter
than the water surface. Conversely, with equal heat
loss, the land becomes colder than the water.

The Earth receives energy from the sun in the
form of solar radiation. The Earth and its
atmosphere reflect about 55 percent of the radiation
and absorb the remaining 45 percent converting it
to heat. The Earth, in turn, radiates energy, and this
outgoing radiation is "terrestrial radiation.” It is



evident that the average heat gained from incoming
solar radiation must equal heat lost through



terrestrial radiation in order to keep the earth from
getting progressively hotter or colder. However,
this balance is world-wide; we must consider

regional and local imbalances which create
temper

TEMPERATURE VARIATIONS

The amount of solar energy received by any
region varies with time of day, with seasons, and
with latitude. These differencesin solar energy
create temperature variations. Temperatures also
vary with differences in topographical surface and
with altitude. These temperature variations create
forcesthat drive the atmosphereinits endless
motions.

DIURNAL VARIATION

Diurnal variation isthe change in temperature
from day to night brought about by the daily
rotation of the Earth. The Earth receives heat during
the day by solar radiation but continually loses
heat by terrestrial radiation. Warming and cooling
depend on an imbalance of solar and terrestrial
radiation. During the day, solar radiation exceeds
terrestrial radiation and the surface becomes
warmer. At night, solar radiation ceases, but
terrestrial radiation continues and cools the surface.
Cooling continues after sunrise until solar radiation
again exceeds terrestrial radiation. Minimum
temperature usually occurs after sunrise, sometimes
as much as one hour after. The continued cooling
after sunrise is one reason that fog sometimes
forms shortly after the sun is above the horizon.
Wewill have more to say about diurnal variation
and topographic surfaces.

SEASONAL VARIATION

In addition to its daily rotation, the Earth revolves
in acomplete orbit around the sun once each year.
Since the axis of the Earth tiltsto the plane of orbit,
the angle of incident solar radiation varies
seasonally between hemispheres. The Northern
Hemisphereiswarmer in June, July, and August
because it receives more solar energy than does the
Southern Hemisphere. During December, January,
and February, the oppositeistrue; the Southern
Hemisphere receives more solar energy and is
warmer. Figures 4 and 5 show these seasonal
surface temperature variations.

VARIATION WITH LATITUDE

The shape of the Earth causes a geographical
variation in the angle of incident solar radiation.
Sincethe Earth is essentially spherical, thesunis
more nearly overhead in equatorial regionsthan at
higher latitudes. Equatorial regions, therefore,
receive the most radiant energy and are warmest.
Slanting rays of the sun at higher latitudes deliver
less energy over agiven areawith the least being
received at the poles. Thus, temperature varies with
latitude from the warm Equator to the cold poles.
Y ou can see this average temperature gradient in
figures4 and 5.

VARIATIONS WITH TOPOGRAPHY

Not related to movement or shape of the earth are
temperature variationsinduced by water and
terrain. As stated earlier, water absorbs and radiates
energy with less temperature change than does
land. Large, deep water bodies tend to minimize
temperature changes, while continents favor large
changes. Wet soil such asin swamps and marshes
isalmost as effective as water in suppressing
temperature changes. Thick vegetation tends to
control temperature changes since it contains some
water and also insulates against heat transfer
between the ground and the atmosphere. Arid,
barren surfaces permit the greatest temperature
changes.

These topographical influences are both diurnal
and seasonal. For example, the difference between a
daily maximum and minimum may be 10° or less over
water, near ashore line, or over aswamp or marsh,
while adifference of 50° or more is common over
rocky or sandy deserts. Figures 4 and 5 show the
seasonal topographical variation. Note that in the
Northern Hemisphere in July, temperatures are
warmer over continents than over oceans; in
January they are colder over continents than over
oceans. The oppositeistruein the Southern
Hemisphere, but not as pronounced because of
more water surface in the Southern Hemisphere.

To compare land and water effect on seasonal
temperature variation, look at northern Asiaand at
southern Californianear San Diego. In the deep
continental interior of northern Asia, July average
temperature is about 50° F; and January average,
about—30° F. Seasonal range is about 80° F. Near
San Diego, due to the proximity of the Pacific



Fioure 4. World-wide average surface temperatures in July. In the Northern Hemisphere, continents generally are
warmer than oceanic areas at corresponding latitudes. The reverse is true in the Southern Hemisphere, but the contrast
is not so evident because of the sparcity of land surfaces.
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Figure 5. World-wide average surface temperatures in January when the Northern Hemisphere is in the cold season and
the Southern Hemisphere is warm. Note that in the Northern Hemisphere, continents are colder than oceanic arcas at
corresponding latitudes, and in the Southern Hemisphere continents are warmer than oceans.



Ocean, July averageisabout 70° F and January
average, 50° F. Seasonal variation isonly about 20°
F.

Abrupt temperature differences develop along
lake and ocean shores. These variations generate
pressure differences and local winds which we will
study in later chapters. Figure 6 illustrates a
possible effect.

Prevailing wind is also afactor in temperature
controls. In an areawhere prevailing winds are from
large water bodies, temperature changes are rather
small. Most islands enjoy fairly constant
temperatures. On the other hand, temperature
changes are more pronounced where prevailing
wind isfrom dry, barren regions.

Air transfers heat slowly from the surface upward.
Thus, temperature changes aloft are more gradual

than at the surface. Let'slook at temperature
changes with altitude.

VARIATION WITH ALTITUDE

In chapter 1, we learned that temperature normally
decreases with increasing altitude throughout the
troposphere. Thisdecrease of temperature ;with
altitude is defined aslapserate. The average
decrease of temperature—average lapse rate—in
the troposphereis 2° C per 1,000 feet. But since this
isan average, the exact value seldom exists. In fact,
temperature sometimes increases with height
through alayer. An increase in temperature with
altitude is defined asan inversion, i.e., lapserateis
inverted.

Aninversion often develops near the ground on
clear, cool nights when wind islight. The ground
radiates and cools much faster than the overlying
air. Air in contact with the ground becomes cold
while the temperature afew hundred feet above
changes very little. Thus, temperature increases

Ficure 6. Temperature differences create air movement and, at times, cloudiness.
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with height. Inversions may also occur at any near the surface produces an inversion aloft.

altitude when conditions are favorable. For example, Figure 7 diagrams temperature inversions both
acurrent of warm air aloft overrunning cold air surface and aloft. Inversions are common in the
stratosphere.

INVERSION
ALOFT ——

SURFACE

INUERSION\

Figure 7. Inverted lapsc rates or “inversions.”” A lapse rate is a decrease of temperature with height. An inversion is an
increase of temperature with height, i.e., the lapse rate is inverted. Shown here are a surface inversion and an inversion

aloft.

IN CLOSING

Temperature affects aircraft performance and u critical to some operations. Following are some operational pointers
to remember, and most of them are developed in later chapters:

1. The aircraft thermometer is subject to inaccuracies no matter how good the instrument and its installation. Position
of the aircraft relative to the sun can cause errors due to radiation, particularly on a parked aircraft. At high
speeds, aerodynamical effects and friction are basically the causes of inaccuracies.

2. High temperature reduces air density and reduces aircraft performance (chapter 3).

3. Diurnal and topographical temperature variations create local winds (chapter 4).

4, Diurnal cooling is conducive to fog (chapter 5).

5. Lapse rate contributes to stability (chapter 6), cloud formation (chapter 7), turbulence (chapter 9), and
thunderstorms (chapter 11) -

6. Aninversion aloft permitswarm rain to fall through cold air below. Temperature in the cold air can be critical to
icing (chapter 10) .

7. A ground based inversion favors poor visibility by trapping fog, smoke, and other restrictionsinto low levels of
the atmosphere (chapter 12).

11



Chapter 3
ATMOSPHERIC PRESSURE
AND ALTIMETRY

When you understand pressure, its measurement, pressure, you can more readily grasp the
and effects of temperature and altitude on significance of pressure and its application to
altimetry.

ATMOSPHERIC PRESSURE

Atmospheric pressure isthe force per unit area scales. Yet, Toricelli proved three centuries ago
exerted by the weight of the atmosphere. Since air that he could weigh the atmosphere by balancing
isnot solid, we cannot weigh it with conventional it against a column of mercury. He actually



measured pressure converting it directly to
weight.

MEASURING PRESSURE

Theinstrument Toricelli designed for
measuring pressure is the barometer. Weather
services and the aviation community use two
types of barometers in measuring pressure—the
mercuria and aneroid.



The Mercurial Barometer

The mercuria barometer, diagrammed in figure 8,
consists of an open dish of mercury into which we
place the open end of an evacuated glass tube.
Atmospheric pressure forces mercury to risein the
tube. At stations near sealevel, the column of
mercury rises on the average to a height of 29.92
inches or 760 millimeters. In other words, a column
of mercury of that height weighsthe same asa
column of air having the same cross section asthe
column of mercury and extending from sealevel to
the top of the atmosphere.

Why do we use mercury in the barometer?
Mercury isthe heaviest substance available which
remainsliquid at ordinary temperatures. It permits
the instrument to be of manageabl e size. We could

use water, but at sealevel the water column would
be about 34 feet high.

ATMOSPHERIC
PRESSURE

VACUUM

Ficure 8. The mercurial barometer. Atmospheric pres-
sure forces mercury from the open dish upward into the
evacuated glass tube. The height of the mercury column

is a measure of atmospheric pressure.

The Aneroid Barometer

Essential features of an aneroid barometer
illustrated in figure 9 are aflexible metal cell and
the registering mechanism. The cell is partially
evacuated and contracts or expands as pressure
changes. One end of the cell isfixed, while the
other end moves the registering mechanism. The
coupling mechanism magnifies movement of the
cell driving an indicator hand along a scale
graduated in pressure units.

Pressure Units

Pressure is expressed in many ways throughout
theworld. The term used depends somewhat on
its application and the system of measurement.
Two popular units are "inches of mercury” or
"millimeters of mercury.” Since pressure isforce
per unit area, amore explicit expression of
pressure is " pounds per square inch” or "grams
per square centimeter.” The term "millibar"
precisely expresses pressure as aforce per unit
area, one millibar being aforce of 1,000 dynes per
square centimeter. The millibar is rapidly
becoming a universal pressure unit.

Station Pressure

Obviously, we can measure pressure only at
the point of measurement. The pressure
measured at a station or airport is"station
pressure” or the actual pressure at field elevation.
We know that pressure at high altitudeis less
than at sealevel or low altitude. For instance,
station pressure at Denver islessthan at New
Orleans. Let'slook more closely at some factors
influencing pressure.

PRESSURE VARIATION

Pressure varies with altitude and temperature of
the air aswell as with other minor influences
which we neglect here.

Altitude

Aswe move upward through the atmosphere,
weight of the air above becomesless and less. If
we carry abarometer with us, we can measure a
decreasein pressure as weight of the air above
decreases. Within the lower few thousand feet of
the troposphere, pressure decreases roughly one
inch for each 1,000 feet increasein altitude. The



higher we go, the slower isthe rate of decrease
with height.



HIGH

LOW

Fioure 9. The aneroid barometer. The aneroid consists of a partially evacuated metal cell, a coupling mechanism, and an
indicator scale. The cell contracts and expands with changing pressure. The coupling mechanism drives the indicator

along a scale graduated in pressure units.

Figure 10 shows the pressure decrease with height
ill the standard atmosphere. These standard
altitudes are based on standard temperatures. In the
real atmosphere, temperatures are seldom standard,
so let's explore temperature effects.

Temperature

Like most substances, air expands as it becomes
warmer and shrinks asit cools. Figure 11 shows
three columns of air—one colder than standard,
one at standard temperature, and one warmer than
standard. Pressure is equal at the bottom of each
column and equal at the top of each column.
Therefore, pressure decrease upward through each
column isthe same. Vertical expansion of the warm
column has made it higher than the column at
standard temperature. Shrinkage of the cold column
has made it shorter. Since pressure decrease J~ the
same in each column, the rate of decrease of
pressure with height in warm air islessthan
standard; the rate of decrease of pressure with
height in cold air is greater than standard. Y ou will
soon see the importance of temperaturein altimetry
and weather analysis and on aircraft performance.

Sea Level Pressure

Since pressure varies with altitude, we cannot
readily compare station pressures between stations
at different atitudes. To make them comparable, we
must adjust them to some common level. Mean sea
level seems the most feasible common reference. In
figure 12, pressure measured at a 5,000-foot station
is 25 inches; pressure increases about 1 inch for
each 1,000 feet or atotal of 5inches. Sealevel
pressure is approximately 25 + 5 or 30 inches. The
weather observer takes temperature and other
effectsinto account, but this simplified example
explains the basic principle of sealevel pressure
reduction.

We usually express sealevel pressurein millibars.
Standard sealevel pressureis 1013.2 millibars, 29.92
inches of mercury, 760 millimeters of mercury, or
about 14.7 pounds per square inch. Figures 23 and
24 in chapter 4 show world-wide averages of sea
level pressure for the months of July and January.
Pressure changes continually, however, and
departs widely from these averages. We use a
sequence of weather maps to follow these changing
pressures.
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Fioure 10. The standard atmosphere. Note how pressure decreases with increasing height; the rate of decrease with height
is greatest in lower levels.
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pressure systems are shown in figure 13 and are

defined asfollow:

1. LOW—acenter of pressure surrounded on all
sides by higher pressure; also called acyclone.
Cyclonic curvature isthe curvature of isobars
to the left when you stand with lower pressure
to your left.

2. HIGH—a center of pressure surrounded on all
sides by lower pressure, also called an
anticyclone. Anticyclonic curvatureisthe
curvature of isobarsto the right when you
stand with lower pressure to your |eft.

3. TROUGH—an elongated area of low pressure
with the lowest pressure along aline marking
maximum cyclonic curvature.

4. RIDGE €elongated area of high pressure with
the highest pressure along aline marking

maximum anticyclonic curvature.

Fioure 11. Three columns of air showing how decrease 5. COL- the neutral area between two highs and
of pressure with height varies with temperature. Left two lows. It also isthe intersection of a

column is colder than average and right column, warmer
than average. Pressure is equal at the bottom of each
column and equal at the top of each column. Pressure

trough and aridge. The col on a pressure
surface is analogous to a mountain pass on a

decreases most rapidly with height in the cold air and topographic surface.

least rapidly in the warm air.

Pressure Analyses

We plot sealevel pressures on amap and draw
lines connecting points of equal pressure. These
lines of equal pressure are isobars. Hence, the
surface map is anisobaric analysis showing
identifiable, organized pressure patterns. Five

Upper air weather maps reveal these same
types of pressure patterns aloft for several levels.
They also show temperature, moisture, and wind
at each level. Infact, achart isavailable for a
level within afew thousand feet of your planned
cruising atitude. AVIATION WEATHER
SERVICES lists the approximate heights of upper
air maps and shows details of the surface map
and each upper air chart.

A Pressure
at 5000’ of
25 INCHES

When reduced to
sea-level is

25-+5-=30 inches

Fioure 12. Reduction of station pressure to sea level, Pressure increases about 1 inch per 1,000 feet from the station
elevation to sea level.
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Ficure 13.

Chapter 4 of this book ties together the surface
chart and upper air chartsinto a three-dimensional
picture.

An upper air map isaconstant pressure analysis.
But, what do we mean by "constant pressure” ?
Constant pressure simply refersto a specific
pressure. Let's arbitrarily choose 700 millibars.
Everywhere above the earth's surface, pressure
decreases with height; and at some height, it
decreases to this constant pressure of 700 millibars.
Therefore, thereisa"surface" throughout the
atmosphere at which pressureis 700 millibars. We
call thisthe 700 millibar constant pressure surface.
However, the height of this surface isnot constant.
Rising pressure pushes the surface upward into
highs and ridges. Falling pressure lowers the height
of the surface into lows and troughs. These
systems migrate continuously as "waves" on the
pressure surface. Remember that we chose this
constant pressure surface arbitrarily as areference.
It in no way defines any discrete boundary.

121

Pressure systems.

The National Weather Service and military
weather services take routine scheduled upper air
observations—sometimes called soundings. A
balloon carries aloft a radiosonde instrument which
consists of miniature radio gear and sensing
elements. Whilein flight, the radiosonde transmits
data from which a specialist determineswind,
temperature, moisture, and height at selected
pressure surfaces.

Weroutinely collect these observations, plot the
heights of a constant pressure surface on a map,
and draw lines connecting points of equal height.
These lines are height contours. But, what isa
height contour?

First, consider atopographic map with contours
showing variationsin elevation. These are height
contours of the terrain surface. The Earth surfaceis
afixed reference and we contour variationsin its
height.

The same concept applies to height contourson a
constant pressure chart, except our referenceisa



constant pressure surface. We simply contour the
heights of the pressure surface. For example, a 700
millibar constant pressure analysisis a contour map
of the heights of the 700-millibar pressure surface.
While the contour map is based on variationsin
height, these variations are small when compared to
flight levels, and for all practical purposes, you may
regard the 700-millibar chart as aweather map at
approximately 10,000 feet or 3,048 meter.

A contour analysis shows highs, ridges, lows,
and troughs aloft just asthe isobaric analysis
shows such systems at the surface. What we say
concerning

The altimeter is essentially an aneroid barometer.
The differenceisthe scale. The altimeter is
graduated to read increments of height rather than
units of pressure. The standard for graduating the
altimeter isthe standard atmosphere.

ALTITUDE

Altitude seems like a simple term; it means height.
But in aviation, it can have many meanings.

True Altitude

Since existing conditionsin areal atmosphere are
seldom standard, altitude indications on the
altimeter are seldom actual or true altitudes. True
altitude isthe actual or exact altitude above mean
sea level. If your altimeter does not indicate true
altitude, what doesit indicate?

Indicated Altitude

Look again at figure 11 showing the effect of
mean temperature on the thickness of the three
columns of air. Pressures are equal at the bottoms
and equal at the tops of the three layers. Since the
altimeter is essentially a barometer, atitude
indicated by the altimeter at the top of each column
would be the same. To see this effect more clearly,
study figure 14. Note that in the warm air, you fly at
an altitude higher than indicated. In the cold air,
you are at an altitude lower than indicated.

Height indicated on the altimeter also changes
with changesin surface pressure. A movable scale
on the altimeter permits you to adjust for surface
pressure, but you have no means of adjusting the
instrument for mean temperature of the column of

pressure patterns and systems applies equally to
an isobaric or acontour analysis.

Low pressure systems quite often are regions of
poor flying weather, and high pressure areas
predominantly are regions of favorable flying
weather. A word of caution, however—use carein
applying the low pressure-bad weather, high
pressure-good weather rule of thumb; it all too
frequently fails. When planning aflight, gather all
information possible on expected weather. Pressure
patterns also bear adirect relationship to wind
which isthe subject of the next chapter. But first,
let'slook at pressure and altimeters.

ALTIMETRY

air below you. Indicated altitude is the altitude
above mean sea level indicated on the altimeter
when set at the local altimeter setting. But what is
altimeter setting?

INDICATED ALTITUDE 10.000 feet
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Ficure 14. Indicated altitude depends on air tempera-
ture below the aircraft. Since pressure is equal at the
bases and equal at the tops of each column, indicated
altitude is the same at the top of each column. When air
is colder than average (right), the altimeter reads higher
than true altitude. When air is warmer than standard
(left), the altimeter reads lower than true altitude.



Altimeter Setting

Since the altitude scale is adjustabl e, you can set
the altimeter to read true altitude at some specified
height. Takeoff and landing are the most critical
phases of flight; therefore, airport elevation isthe
most desirable altitude for atrue reading of the
atimeter. Altimeter setting is the value to which the
scale of the pressure altimeter is set so the altimeter
indicates true altitude at field elevation.

In order to ensure that your altimeter reading is
compatible with altimeter readings of other aircraft in
your vicinity, keep your altimeter setting current.
Adjust it frequently in flight to the altimeter setting
reported by the nearest tower or weather reporting
station. Figure 15 shows the trouble you can
encounter if you are lax in adjusting your altimeter in
flight. Note that as you fly from high pressure to low
pressure, you are lower than your altimeter indicates.
Figure 16 showsthat as you fly from warmto cold air,
your altimeter reads too high—you are lower than
your atimeter indicates. Over flat terrain this lower
than true reading is no great problem; other aircraft in
thevicinity also are flying indicated rather than true
altitude, and your altimeter readings are compatible. If
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flying in cold weather over mountainous areas,
however, you must take this difference between
indicated and true altitude into account. Y ou must
know that your true altitude assures clearance of
terrain, so you compute a correction to indicated
altitude.

Corrected (Approximately True) Altitude

If it were possible for a pilot always to determine
mean temperature of the column of air between the
aircraft and the surface, flight computers would be
designed to use this mean temperature in computing
true altitude. However, the only guide apilot hasto
temperature below himisfree air temperature at his
atitude. Therefore, the flight computer uses outside
air temperature to correct indicated altitude to
approximate true altitude. Corrected altitudeis
indicated altitude corrected for the temperature of
the air column below the aircraft t, the correction
being based on the estimated departure of the
existing temperature from standard atmospheric
temperature. It is aclose approximation to true
altitude and is labeled true altitude on flight
computers. It is close enough to
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Figure 15. When flying from high pressure to lower pressure without adjusting your altimeter, you are losing true altitude,
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Figure 16. Effect of temperature on altitude. When air is warmer than average, you are higher than your altimeter indi-
cates. When temperature is colder than average, you are lower than indicated. When flying from warm to cold air at a

constant indicated altitude, you are losing true altitude.

true altitude to be used for terrain clearance
provided you have your altimeter set to the value
reported from a nearby reporting station.

Pilots have met with disaster because they failed
to allow for the difference between indicated and
true altitude. In cold weather when you must clear
high terrain, take time to compute true altitude.

FAA regulations require you to fly indicated
altitude at low levels ant pressure altitude at high
levels (at or above 18,000 feet at the time this book
was printed). What is pressure altitude?

Pressure Altitude

In the standard atmosphere, sealevel pressureis
29.92 inches of mercury or 1013.2 millibars. Pressure
fallsat afixed rate upward through this

hypothetical atmosphere. Therefore, in the standard
atmosphere, a given pressure exists at any specified
altitude. Pressure altitude isthe altitude in the
standard atmosphere where pressure is the same
aswhereyou are. Since at a specific pressure
atitude, pressure is everywhere the same, a
constant pressure surface defines a constant
pressure altitude. When you fly a constant

pressure altitude, you are flying a constant
pressure surface.

Y ou can always determine pressure altitude from
your altimeter whether in flight or on the ground.
Simply set your altimeter at the standard altimeter
setting of 29.92 inches, and your altimeter indicates
pressure altitude.

A conflict sometimes occurs near the altitude
separating flights using indicated altitude from
those using pressure altitude. Pressure altitude on
one aircraft and indicated altitude on another may
indicate altitude separation when, actually, the two
are at the sametrue altitude. All flightsusing
pressure altitude at high altitudes are | FR controlled
flights. When this conflict occurs, air traffic
controllers prohibit IFR flight at the conflicting
altitudes.

DENSITY ALTITUDE

What is density altitude? Density altitude simply
isthe altitude in the standard atmosphere where
air density is the same as where you are. Pressure,



temperature, and humidity determine air density.
On ahot day, the air becomes "thinner" or lighter,
and its density where you areisequivalent to a
higher altitude in the standard atmosphere—thus
the term "high density altitude." On acold day, the
air becomes heavy; its density isthe same asthat at
an altitude in the standard atmosphere lower than
your altitude—"low density altitude."

Density altitude is not a height reference; rather,
it isanindex to aircraft performance. Low density
atitude increases performance. High density
altitudeis area hazard sinceit reduces aircraft
performance. It affects performance in three ways.
(1) It reduces power because the engine takesin
less air to support combustion. (2) It reduces thrust
because the propeller getsless grip on the light air

or ajet has less mass of gases to spit out the
exhaust. (3) It reduceslift because the light air
exertslessforce on the airfoils.

Y ou cannot detect the effect of high density
altitude on your airspeed indicator. Y our aircraft
lifts off, climbs, cruises, glides, and lands at the
prescribed indicated airspeeds. But at a specified
indicated airspeed, your true airspeed and your
groundspeed increase proportionally as density
altitude becomes higher.

The net results are that high density altitude
lengthens your takeoff and landing rolls and
reduces your rate of climb. Before lift-off, you must
attain afaster groundspeed, and therefore, you
need more runway; your reduced power and thrust
add aneed for still morerunway. You land at a
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Fioure 17.  Effect of density altitude on takeoff and climb. High density altitude lengthens takeoff roll
and reduces rate of climb.



faster groundspeed and, therefore, need more room
to stop. At aprescribed indicated airspeed, you are
flying at afaster true airspeed, and therefore, you
cover more distance in agiven time which means
climbing at amore shallow angle. Add to thisthe
problems of reduced power and rate of climb, and
you are in double jeopardy in your climb. Figure 17
shows the effect of density altitude on takeoff
distance and rate of climb.

High density altitude also can be aproblem at
cruising altitudes. When air is abnormally warm, the
high density altitude lowers your service ceiling.
For example, if temperature at 10,000 feet pressure
atitudeis 20° C, density altitude is 12,700

Pressure patterns can be a clue to weather causes
and movement of weather systems, but they give
only apart of the total weather picture. Pressure
decreases with increasing atitude. The altimeter is
an aneroid barometer graduated in increments of
atitude in the standard atmosphere instead of units
of pressure. Temperature greatly affects the rate of
pressure decrease with height; therefore, it
influences altimeter readings. Temperature also
determines the density of air at agiven pressure
(density altitude). Density altitudeis an index to
aircraft performance. Always be alert for departures
of pressure and temperature from normals and
compensate for these abnormalities.

Following are afew operational reminders:

1. Beware of the low pressure-bad weather, high
pressure-good weather rule of thumb. It
frequently fails. Always get the complete
weather picture.

2. When flying from high pressure to low pressure
at constant indicated altitude and without
adjusting the altimeter, you are losing true
atitude.

3. When temperature is colder than standard, you
are at an altitude lower than your altimeter
indicates. When temperature is warmer than
standard, you are higher than your altimeter
indicates.

4. When flying cross country, keep your altimeter
setting current. This procedure assures more
positive altitude separation from other aircraft.

feet. (Check this on your flight computer.) Y our
aircraft will perform asthough it were at 12,700
indicated with anormal temperature of—8° C.

To compute density altitude, set your altimeter at
29.92 inches or 1013.2 millibars and read pressure
atitude from your atimeter. Read outside air
temperature and then use your flight computer to
get density altitude. On an airport served by a
weather observing station, you usually can get
density altitude for the airport from the observer.
Section 16 of AVIATION WEATHER SERVICES
has a graph for computing density altitude if you
have no flight computer handy.

IN CLOSING

5. When flying over high terrain in cold weather.
compute your true altitude to ensure terrain
clearance.

6. When your aircraft is heavily loaded, the
temperature is abnormally warm, and/or the
pressureis abnormally low, compute density
atitude. Then check your aircraft manual to
ensure that you can become airborne from the
available runway. Check further to determine
that your rate of climb permits clearance of
obstacles beyond the end of the runway. This
procedure is advisable for any airport regardless
of altitude.

7. When planning takeoff or landing at ahigh
atitude airport regardless of load, determine
density altitude. The procedureis especialy
critical when temperature is abnormally warm or
pressure abnormally low. Make certain you
have sufficient runway for takeoff or landing
roll. Make sure you can clear obstacles beyond
the end of the runway after takeoff or in event
of ago-around.

8. Sometimes the altimeter setting istaken from an
instrument of questionable reliability. However,
if the instrument can cause an error in altitude
reading of more than 20 feet, it isremoved from
service. When altimeter setting is estimated, be
prepared for a possible 10- to 20-foot difference
between field elevation and your altimeter
reading at touchdown.



Chapter 4
WIND

Differences in temperature create differencesin
pressure. These pressure differencesdrive a
complex system of windsin anever ending
attempt to reach equilibrium. Wind also
transports water vapor and spreads fog, clouds,
and precipitation. To help you relate wind to
pressure patterns and the movement of weather

When two surfaces are heated unequally, they heat
the overlying air unevenly. Thewarmer* air expands
and becomes lighter or less dense than the cools air.
The more dense, cool air isdrawn to the ground by its
greater gravitational force lifting or forcing the warm

*Frequently throughout this book, we refer to air as
warm, cool, or cold. These termsrefer to relative
temperatures and not to any fixed temperature

systems, this chapter explains convection and
the pressure gradient force, describes the effects
of the Coriolisand frictional forces, relates
convection and these forces to the general
circulation, discusseslocal and small-scalewind
systems, introduces you to wind shear, and
associates wind with weather.

CONVECTION

reference or to temperatures as they may affect our
comfort. For example, compare air at —10° Fto air

air upward much as oil isforced to the top of water
when the two are mixed. Figure 18 shows the



convective process. Therising air spreads and cools, plete the convective circulation. Aslong asthe
eventually descending to com- uneven heating persists, convection maintains a
continuous "convective current.”

The horizontal air flow in a convective current is
"wind." Convection of both large and small scales

_at 0° F; relative to each other, the —10° F air iscool accounts for systems ranging from hemi-
and the 0° F, warm. 90° F would becool or. cold
relativeto 100° F. spheric circulations down to local eddies. This

horizontal flow, wind, is sometimes called
"advection." However, the term "advection" more
commonly applies to the transport of atmospheric
properties by the wind, i.e., warm advection; cold
advection; advection of water vapor, etc.

%

Fioure 18. Convective current resulting from uneven heating of air by contrasting surface temperatures. The cool, heavier

air forces the warmer air aloft establishing a convective cell. Convection continues as long as the uneven heating persists.

PRESSURE GRADIENT FORCE

Pressure differences must create aforce in order closely spaced isobars mean strong winds, widely
to drive thewind. Thisforceisthe pressure spaced isobars mean lighter wind. From a pressure
gradient force. The force isfrom higher pressure to analysis, you can get ageneral idea of wind speed
lower pressure and is perpendicular to isobars or from contour or isobar spacing.

contours. Whenever a pressure difference develops
over an area, the pressure gradient force begins
moving the air directly across the isobars. The
closer the spacing of isobars, the stronger isthe
pressure gradient force. The stronger the pressure
gradient force, the stronger isthe wind. Thus,



Because of uneven heating of the Earth, surface
pressureislow in warm equatorial regions and high
in cold polar regions. A pressure gradient develops
from the poles to the Equator. If the Earth did not
rotate, this pressure gradient force would be the
only force acting on the wind. Circulation would be
two giant hemispheric convective currents as
shown in figure 19. Cold air would sink at the poles;
wind would blow straight from the polesto the
Equator; warm air at the Equator would be forced
upward; and high level windswould blow directly
toward the poles. However, the Earth does rotate;
and because of itsrotation, thissimple circulation is
greatly distorted.
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Fioure 19. Circulation as it would be on a nonrotating globe. Intense heating at the Equator lowers the density. More
dense air flows from the poles toward the Equator forcing the less dense air aloft where it flows toward the poles. The
circulation would be two giant hemispherical convective currents.

A moving mass travelsin astraight line until
acted on by some outside force. However, if one
views the moving mass from arotating platform,
the path of the moving mass relative to his
platform appears to be deflected or curved. To
illustrate, start rotating the turntabl e of arecord
player. Then using apiece of chalk and aruler,
draw a"straight" line from the center to the outer
edge of the turntable. To you, the chalk traveled
inastraight line. Now stop the turntable; onit,
the line spirals outward from the center as shown
in figure 20. To aviewer on the turntable, some
"apparent” force deflected the chalk to theright.

A similar apparent force deflects moving
particles on the earth. Because the Earth is
spherical, the deflective forceis much more
complex than the simple turntable example.
Although the force istermed "apparent,” to us
on Earth, it isvery real. The principle wasfirst
explained by a Frenchman, Coriolis, and carries
his name—the Coriolisforce.

CORIOLIS FORCE

The Coriolisforce affects the paths of aircraft;
missiles; flying birds; ocean currents; and, most
important to the study of weather, air currents.
Theforce deflects air to the right in the Northern
Hemisphere and to the left in the Southern
Hemisphere. This book concentrates mostly on
deflection to theright in the Northern
Hemisphere.

Coriolisforceisat aright angle to wind direction
and directly proportional to wind speed. That is, as
wind speed increases, Coriolisforce increases. At a
given latitude, double the wind speed and you
double the Coriolisforce. Why at agiven latitude?

Coriolisforce varies with latitude from zero at the
Equator to amaximum at the poles. It influences
wind direction everywhere except immediately at
the Equator; but the effects are more pronounced in
middle and high latitudes.



Remember that the pressure gradient force drives
thewind and is perpendicular to isobars. When a
pressure gradient force isfirst established, wind be-



PATH ON RECORD

Ficure 20. Apparent deflective force due to rotation of a horizontal platform. The “space path” is the path taken by a

a straight line.

ginsto blow from higher to lower pressure directly
across the isobars. However, the instant air begins
moving, Coriolisforce deflectsit to the right. Soon
thewind is deflected afull 90° and is parallel to the
isobars or contours. At thistime, Coriolisforce
exactly balances pressure gradient force as shown

piece of chalk, The “path on the record” is the line traced on the rotating record. Relative to the record, the chalk appeared

in figure 21. With the forcesin balance, wind will
remain parallel to isobars or contours. Surface
friction disrupts this balance as we discuss later;
but first let's see how Coriolisforce distorts the
fictitious global circulation shown in figure 19.

THE GENERAL CIRCULATION

Asair isforced aloft at the Equator and beginsits high-level trek northward, the Coriolisforceturnsit to theright or
to the east as shown in figure 22. Wind becomes westerly at about 30° |atitude temporarily blocking further northward

movement. Similarly, asair over the poles begins



its low-level journey southward toward the Equator, it likewise is deflected to the right and becomes an east wind,
halting for awhileits southerly progress—also shownin figure 22. Asaresult, air literally "piles up" at about 30° and

60° latitude in both hemispheres. The added weight of the air in-
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Fioure 21. Effect of Coriolis force on wind relative to isobars. When Coriolis force deflects the wind until it is parallel to
the isobars, pressure gradient balances Coriolis force.

creases the pressure into semipermanent high
pressure belts. Figures 23 and 24 are maps of mean
surface pressure for the months of July and
January. The maps show clearly the subtropical
high pleasure belts near 30° latitude in both the
Northern ant Southern Hemispheres.

The building of these high pressure belts creates
atemporary impasse disrupting the simple
convective transfer between the Equator and the
poles. The restless atmosphere cannot live with this
impasse in its effort to reach equilibrium. Something
basto give. Huge masses of air begin overturning
in middle latitudes to complete the exchange.

Large masses of cold air break through the
northern barrier plunging southward toward the

Tropics. Large midlatitude storms develop between
cold

outbreaks and carry warm air northward. The result
isamidlatitude band of migratory stormswith ever
changing weather. Figure 25 is an attempt to
standardize this chaotic circulation into an average
general circulation.

Since pressure differences cause wind, seasonal
pressure variations determine to agreat extent the
areas of these cold air outbreaks and midlatitude
storms. But, seasonal pressure variations are
largely due to seasonal temperature changes. We



have learned that, at the surface, warm temperatures
to agreat extent determine low pressure and cold
temperatures, high pressure. We have also learned
that seasonal temperature changes over continents
are much greater than over oceans.

During summer, warm continents tend to be



N. POLE

60° LAT.

LOW LEVEL POLAR EASTERLIES

HIGH LEVEL SUBTROPICAL WESTERLIES
30° LAT.

Froure 22. In the Northern Hemisphere, Coriolis force turns high level southerly winds to westerlies at about 30° latitude,
temporarily halting further northerly progress. Low-level northerly winds from the pole are turned to casterlies, tem-
porarily stopping further southward movement at about 60° latitude. Air tends to “pile up™ at these two latitudes creating
a void in middle latitudes. The restless atmosphere cannot live with this void; something has to give.

Figure 23, Mean world-wide surface pressure distribution in July. In the warm Northern Hemisphere, warm land areas

tend to have low pressure, and cool oceanic areas tend to have high pressure. In the cool Southern Hemisphere, the pat-
tern is reversed; cool land areas tend to have high pressure; and water surfaces, low pressure. However, the relationship
is not so evident in the Southern Hemisphere because of relatively small amounts of land. The subtropical high pressure
belts are clearly evident at about 30° latitude in both hermispheres.




Froure 24. Mean world-wide surface pressure distribution in January. In this season, the pattern in figure 23 is reversed.
In the cool Northern Hemisphece, cold continental arcas arce predominantly areas of high pressure while warm oceans
tend to be low pressure areas. In the warm Southern Hemisphere, land areas tend to have low pressure; and oceans, high
pressure. The subtropical high pressure belts are evident in both hemispheres, Note that the pressure belts shift southward
in January and northward in July with the shift in the zone of maximum heating.

areas of low pressure and the relatively cool
oceans, high pressure. In winter, thereverseis
true—high pressure over the cold continents and
low pressure over the relatively warm oceans.
Figures 23 and 24 show this seasonal pressure
reversal. The same pressure variations occur in the
warm and cold seasons of the Southern
Hemisphere, although the effect is not as
pronounced because of the much larger water areas
of the Southern Hemisphere.

Cold outbreaks are strongest in the cold season
and are predominantly from cold continental areas.
Summer outbreaks are weaker and more likely to
originate from cool water surfaces. Since these
outbreaks are masses of cool, dense air, they
characteristically are high pressure areas.

Astheair triesto blow outward from the high
pressure, it is deflected to the right by the Coriolis
force. Thus, the wind around a high blows
clockwise. The high pressure with its associated
wind system is an anticyclone.

The stormsthat develop between high pressure
systems are characterized by low pressure. As
windstry to blow inward toward the center of low
pressure, they also are deflected to theright. Thus,

the wind around alow is counterclockwise. The low
pressure and its wind system is acyclone. Figure 26
shows winds blowing parallel to isobars (contours
on upper level charts). The winds are clockwise
around highs and counterclockwise around lows.

The high pressure belt at about 30° north latitude
forces air outward at the surface to the north and to
the south. The northbound air becomes entrained
into the midlatitude storms. The southward moving
air is again deflected by the Coriolis force becoming
the well-known subtropical northeast trade winds.
In midlatitudes, high level winds are predominantly
from the west and are known as the prevailing
westerlies. Polar easterlies dominate low-level
circulation north of about 60° latitude.

These three major wind belts are shown in figure
25. Northeasterly trade winds carry tropical storms
from east to west. The prevailing westerlies drive
midlatitude storms generally from west to east. Few
major storm systems develop in the comparatively
small Arctic region; the chief influence of the polar
easterliesistheir contribution to the devel opment
of midlatitude storms.
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Ficure 25. General average circulation in the Northern Hemisphere. Note the three belts of prevailing winds, the polar
casterlies, the prevailing westerlies in middle latitudes, and the northeasterly “trade” winds. The belt of prevailing west-
erlies is a mixing zone between the North Pole and the Equator characterized by migrating storms.

Our discussion so far has said nothing about friction. tours where friction has little effect. We cannot,
Wind flow patterns aloft follow isobars or con- however, neglect friction near the surface.
FRICTION

Friction between the wind and the terrain surface slows the wind. The rougher the terrain, the greater isthe frictional
effect. Also, the stronger the wind speed, the greater isthe friction. One may not think of friction asaforce, butitisa
very real and effective force always acting opposite to wind direction.

Asfrictional force slows the windspeed, Coriolis force decreases. However, friction does not affect pressure gradient
force. Pressure gradient and Coriolisforces are no longer in balance. The stronger pressure gradient force turns the
wind at an angle across the isobars toward |lower pressure

until the three forces balance as shown in figure 27. Frictional and Coriolis forces combine to just balance pressure

gradient force. Figure 28 shows how surface wind spirals outward from high pressure into low pressure crossing
isobars at an angle.



The angle of surface wind to isobarsis about 10° over water increasing with roughness of terrain. In mountainous
regions, one often has difficulty relating surface wind to pressure gradient because of immense friction and also
because of local terrain effects on pressure.

Fioure 26. Air flow around pressure systems above the friction layer. Wind (black arrows) is parallel to contours and
circulates clockwise around high pressure and counterclockwise around low pressure.

THE JET STREAM
A discussion of the general circulationis in narrow bands. A jet stream, then, isanarrow
incomplete when it does not mention the "jet band of strong winds meandering through the
stream." atmosphere at alevel near the tropopause. Since
Winds on the average increase with height itisof interest primarily to high level flight,
through, out the troposphere culminating in a further discussion of the jet stream isreserved for
maximum near the level of the tropopause. These chapter 13, "High Altitude Weather."

maximum winds tend to be further concentrated

LOCAL AND SMALL SCALE WINDS

Until now, we have dealt only with the general

circulation and major wind systems. Local terrain In the daytime, air next to amountain slopeis
features such as mountains and shore lines heated by contact with the ground asit receives -
influence local winds and weather. radiation from the sun. Thisair usually becomes

MOUNTAIN AND VALLEY WINDS



warmer than air at the same altitude but farther from
the slope.

Colder, denser air in the surroundings settles
downward and forces the warmer air near the
ground up the mountain slope. Thiswindisa
"valley wind" so called because the air isflowing
up out of thevalley.

At night, the air in contact with the mountain
slopeiscooled by terrestrial radiation and becomes
heavier than the surrounding air. It sinks along the
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Figure 27. Surface friction slows the wind and reduces Coriolis force but does not affect pressure gradient force; winds
near the surface are deflected across the isobars toward lower pressure.

slope, producing the "mountain wind" which
flows like water down the mountain slope.
Mountain winds are usually stronger than valley
winds, especially in winter. The mountain wind
often continues down the more gentle slopes of
canyons and valleys, and in such cases takes the
name "drainage wind." It can become quite
strong over someterrain conditionsand in
extreme cases can become hazardous when
flowing through canyon restrictions as discussed
in chapter 9.

KATABATIC WIND

A katabatic wind isany wind blowing down an
incline when the inclineisinfluential in causing
thewind. Thus, the mountain wind is a katabatic
wind. Any katabatic wind originates because
cold, heavy air spills down sloping terrain
displacing warmer, less dense air ahead of it. Air

is heated and dried asit flows down slope aswe
will study in later chapters. Sometimesthe

descending air becomes warmer than the air it
replaces.

Many katabatic winds recurring in local areas
have been given colorful namesto highlight their
dramatic, local effect. Some of these are the Bora,
acold northerly wind blowing from the Alpsto
the Mediterranean coast; the Chinook, figure 29,
awarm wind down the east slope of the Rocky
M ountains often reaching hundreds of milesinto
the high plains; the Taku, acold wind in Alaska
blowing off the Taku glacier; and the Santa Ana,
awarm wind descending from the Sierrasinto the
SantaAnaValley of California.

LAND AND SEA BREEZES



Asfrequently stated earlier, land surfaces warm
and cool more rapidly than do water surfaces,
therefore, land is warmer than the sea during the



Fioure 28. Circulation around pressure systems at the surface. Wind spirals outward from high pressure and inward to
low pressure, crossing isobars at an angle.

Figure 29. The “Chinook” is a katabatic (downslope) wind. Air cools as it moves upslope and warms as it blows down-
slope. The Chinook occasionally produces dramatic warming over the plains just east of the Rocky Mountains.



day; wind blows from the cool water to warm
land—the "sea breeze" so called because it blows
from the sea. At night, the wind reverses, blows
from cool land to warmer water, and createsa"land
breeze." Figure 30 diagrams land and sea breezes.

WARM AIR COOLING
AND DESCENDIMNG

COOLER AR OVER WATER
MOVING TOWARD LAND

Land and sea breezes develop only when the
overall pressure gradient isweak. Wind with a
stronger pressure gradient mixesthe air so rapidly
that local temperature and pressure gradients do
not develop along the shore line.

AIR CODLING
AND DESCENDING

WARM AIR OVER
WATER RISING

COOLER AIR OVER LAND
MOYING TOWARD WATER

Fioure 30. Land and sea breezes, At night, cool air from the land flows toward warmer water—the land breeze. During
the day, wind blows from the water to the warmer land—the sea breeze,

WIND SHEAR

Rubbing two objects against each other creates
friction. If the objects are solid, no exchange of
mass occurs between the two. However, if the
objects are fluid currents, friction creates eddies
along a common shallow mixing zone, and amass
transfer takes place in the shallow mixing

layer. This zone of induced eddies and mixingisa
shear zone. Figure 31 shows two adjacent
currents of air and their accompanying shear
zone. Chapter 9 relates wind shear to turbulence.
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Fioure 31. Wind shear. Air currents of differing velocities create friction or “shear” hetween them. Mixing in the shear
zone results in a snarl of eddies and whirls.

WIND, PRESSURE SYSTEMS, AND WEATHER

We already have shown that wind speed is proportional to the spacing of isobars or contours on aweather map.
However, with the same spacing, wind speed at the surface will be less than aloft because of surface friction.

Y ou also can determine wind direction from aweather map. If you face along an isobar or contour with lower pressure
on your left, wind will be blowing in the direction you are facing. On a surface map, wind will cross the isobar at an
angle toward lower pressure; on an upper air chart, it will be parallel to the contour.

Wind blows counterclockwise (Northern Hemisphere) around alow and clockwise around a high. At the surface
where winds cross theisobars at an angle, you can see atransport of air from high to low pressure. Although winds are
virtually parallel to contours on an upper air chart, there still isaslow transport of air from high to low pressure.

At the surface when air convergesinto alow, it cannot go outward against the pressure gradient, nor can it go
downward into the ground; it must
go upward.* Therefore, alow or trough isan area of rising air.

Rising air is conducive to cloudiness and precipitation; thus we have the general association of low pressure-bad
weather. Reasons for the inclement weather are developed in later chapters.

By similar reasoning, air moving out of ahigh or ridge depletes the quantity of air. Highs and ridges, therefore, are
areas of descending air. Descending air favors dissipation of cloudiness; hence the association, high pressure-good
weather.

Many times weather is more closely associated with an upper air pattern than with features shown by the surface
map. Although features on the two charts are related, they seldom areidentical. A




*Y ou may recall that earlier we said air "piles up” in the vicinity of 30° |atitude increasing pressure and forming the
subtropical high pressure belt. Why, then, does not air flowing into alow or trough increase pressure and fill the
system ? Dynamic forces maintain the low or trough; and these forces differ from the forces that maintain the
subtropical high.



weak surface system often losesits identity in the upper air pattern, while another system may be more evident on the
upper air chart than on the surface map.

Widespread cloudiness and precipitation often develop in advance of an upper trough or low. A line of showers and
thunderstorms is not uncommon with atrough aloft even though the surface pressure pattern showslittle or no cause
for the devel opment.

On the other hand, downward motion in ahigh or ridge places a"cap" on convection, preventing any upward motion.
Air may become stagnant in a high, trap moisture and contamination in low levels, and restrict ceiling and visibility.
Low stratus, fog, haze, and smoke are not uncommon in high pressure areas. However, ahigh or ridge aloft with
moderate surface winds most often produces good flying weather.

Highs and lows tend to lean from the surface into the upper atmosphere. Due to this slope, winds al oft often blow
across the associated surface systems. Upper winds tend to steer surface systemsin the general direction of the upper
wind flow.

Anintense, cold, low pressure vortex leans|ess than does aweaker system. The intense low becomes oriented almost
vertically and is clearly evident on both surface and upper air charts. Upper winds encircle the surface low and do not
blow

acrossit. Thus, the storm moves very slowly and usually causes an extensive and persistent area of clouds,
precipitation, strong winds, and generally adverse flying weather. Theterm cold low sometimes used by the
weatherman describes such a system.

A contrasting analogy to the cold low isthe thermal low. A dry, sunny region becomes quite warm from intense
surface heating thus generating a surface low pressure area. Thewarm air is carried to high levels by convection, but
cloudinessis scant because of lack of moisture. Since in warm air, pressure decreases slowly with altitude, the warm
surface low isnot evident at upper levels. Unlike the cold low, the thermal low isrelatively shallow with weak pressure
gradients and no well defined cyclonic circulation. It generally supports good flying weather. However, during the heat
of the day, one must be alert for high density altitude and convective turbulence.



We have cited three exceptions to the low pressure-bad weather, high pressure-good weather rule: ( 1) cloudiness
and precipitation with an upper air trough or low not evident on the surface chart; (2) the contaminated high; and (3)
the thermal low. Asthisbook progresses, you can further relate weather systems more specifically to flight operations.

Chapter 5
MOISTURE, CLOUD FORMATION,
AND PRECIPITATION

Imagine, if you can, how easy flying would be if variety of hazards unmatched by any other weather
skies everywhere were clear! But, flying isn't always element. Within Earth's climatic range, water isin
that easy; moisture in the atmosphere creates a the frozen, liquid, and gaseous states.



WATER VAPOR
Water evaporates into the air and becomes an
ever-present but variable constituent of the
atmosphere. Water vapor isinvisible just as oxygen
and other gases are invisible. However, we can
readily
measure water vapor and expressit in different
ways. Two commonly used terms are ( 1) relative
humidity, and (2) dew poaint.



RELATIVE HUMIDITY

Relative humidity routinely is expressed in
percent. Asthe term suggests, relative humidity is
"relative.” It relatesthe actual water vapor present
to that which could be present.

Temperature largely determines the maximum
amount of water vapor air can hold. Asfigure 32
shows, warm air can hold more water vapor than
cool air. Figure 33 relates water vapor, temperature,
and relative humidity. Actually, relative humidity
expresses the degree of saturation. Air with 100%
relative humidity is saturated; lessthan 100% is
unsaturated.

If agiven volume of air is cooled to some specific
temperature, it can hold no more water vapor than is
actually present, relative humidity becomes 100%,
and saturation occurs. What is that temperature?

Dew point isthe temperature to which air must be
cooled to become saturated by the water vapor
aready present in the air. Aviation weather reports
normally include the air temperature and dew point
temperature. Dew point when related to air
temperature reveal s qualitatively how close the air
isto saturation.

TEMPERATURE—DEW POINT
SPREAD

The difference between air temperature and dew
point temperature is popularly called the " spread.”
As spread becomes less, relative humidity
increases, and it is 100% when temperature and dew
point are the same. Surface temperature-dew point
spread isimportant in anticipating fog but haslittle
bearing on precipitation. To support precipitation,
air must be saturated through thick layers al oft.
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Figure 32, Blue dots illustrate the increased water vapor capacity of warmer air. At each temperature, air can hold a

specific amount of water vapor—no more,
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Ficure 33. Relative humidity depends on both temperature and water vapor. In this figure, water vapor is constant but
temperature varies. On the left, relative humidity is 507;; the warmer air could hold twice as much water vapor as is

»

actually present. As the air cools, center and right, relative humidity increases. As the air cools to 37° F, its capacity to
hold water vapor is reduced to the amount actually present. Relative humidity is 1007 and the air is now “saturated.”
Note that at 1009, humidity, temperature and dew point are the same. The air cooled to saturation, i.e., it cooled to

the dew point.
Sometimes the spread at ground level may be quite precipitation trailing beneath clouds but
large, yet at higher altitudesthe air is saturated and evaporating before reaching the ground. Our never
clouds form. Some rain may reach the ground or it ending weather cycleinvolves a continual
may evaporate asit fallsinto thedrier air. Figure 34 reversible change of water from one state to

is a photograph of "virga'—streamers of

CHANGE OF STATE

Evaporation, condensation, sublimation, freezing,
and melting are changes of state. Evaporation isthe
changing of liquid water to invisible water

another. Let'stake a closer look at change of state.




vapor. Condensation isthe reverse process.
Sublimation is the changing of ice directly to water
vapor, or water vapor to ice, bypassing the liquid



Froure 34. Virga. Precipitation from the cloud evaporates in drier air below and does not reach the ground.

state in each process. Snow or ice crystals result
from the sublimation of water vapor directly to the
solid state. We are all familiar with freezing and
melting processes.

LATENT HEAT

Any change of state involves a heat transaction
with no change in temperature. Figure 35 diagrams
the heat exchanges between the different states.
Evaporation requires heat energy that comes from
the nearest available heat source. This heat energy
isknown asthe "latent heat of vaporization,” and
itsremoval coolsthe sourceit comesfrom. An
exampleisthe cooling of your body by evaporation
of perspiration .

What becomes of this heat energy used by
evaporation? Energy cannot be created or
destroyed, so it ishidden or stored in the invisible
water vapor. When the water vapor condenses to

liquid water or sublimates directly to ice, energy
originally used in the evaporation reappears as heat
and is released to the atmosphere. Thisenergy is
"latent heat" and is quite significant aswelearnin
later chapters. Melting and freezing involve the
exchange of "latent heat of fusion" inasimilar
manner. The latent heat of fusion is much less than
that of condensation and evaporation; however,
each in itsown way playsanimportant rolein
aviation weather.

Asair becomes saturated, water vapor beginsto
condense on the nearest avail able surface. What
surfaces are in the atmosphere on which water
vapor may condense?

CONDENSATION NUCLEI

The atmosphere is never completely clean; an
abundance of microscopic solid particles
suspended in the air are condensation surfaces.



These particles, such as salt, dust, and combustion
byproducts
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Ficure 35. Heat transactions when water changes state. Blue arrows indicate changes that absorb heat. The absorbed
heat remains hidden, or “latent” until a reverse change occurs. The red arrows show changes that relcase latent heat back
to the surroundings. ‘The heat exchange occurs whenever water changes state even when there is no change in temperature.
These heat exchanges play important roles in suppressing temperature changes and in developing instability.

are "condensation nuclei." Some condensation nuclei have an affinity for water and can induce condensation or
sublimation even when air is almost but not completely saturated.
Aswater vapor condenses or sublimates on condensation nuclei, liquid or ice particles begin to grow. Whether the
particles are liquid or ice does not depend entirely on temperature. Liquid water may be present at temperatures well below
freezing.

SUPERCOOLED WATER

Freezing is complex and liquid water droplets often condense or persist at temperatures colder than 0° C. Water droplets
colder than 0° C are supercooled. When they strike an exposed object, the impact induces freezing. Impact freezing of
supercooled water can result in aircraft icing.

Supercooled water drops very often are in abundance in clouds at temperatures between 0° C and —15° C with decreasing
amounts at colder temperatures. Usually, at temperatures colder than —15° C, sublimation is prevalent; and clouds and fog
may be mostly ice crystals with alesser amount of supercooled water. However, strong vertical currents may carry
supercooled water to great heights where temperatures are much colder than —15° C. Supercooled water has been observed
at temperatures colder than—40° C.

DEW AND FROST

During clear nights with little or no wind, vegetation often cools by radiation to atemperature at or below the dew point of
the adjacent air. Moisture then collects on the leaves just as it does on apitcher of ice water in awarm room. Heavy dew
often collects on grass and plants when none collects on pavements or large solid objects. These more massive objects
absorb abundant heat during the day, lose it slowly during the night, and cool below the dew point only in rather extreme
cases.

Frost formsin much the same way as dew. The difference is that the dew point of surrounding air must be colder than
freezing. Water vapor then sublimates directly asice crystals or frost rather than condensing as dew. Sometimes dew forms
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and later freezes; however, frozen dew is easily distinguished from frost. Frozen dew is hard and transparent while frost is
white and opaque.

To now, we have said little about clouds. What brings about the condensation or sublimation that resultsin cloud
formation?

CLOUD FORMATION

Normally, air must become saturated for formation. Chapter 6, " Stable and Unstable Air,"
condensation or sublimation to occur. Saturation discusses expansional cooling in detail.
may result from cooling temperature, increasing
dew point, or both. Cooling isfar more

CLOUDS AND FOG

predominant.
A cloud is avisible aggregate of minute water or

COOLING PROCESSES ice particles suspended in air. If the cloud is on the

ground, it isfog. When entire layers of air cool to

Three basic processes may cool air to saturation. saturation, fog or sheet-like clouds result.

They are (1) air moving over acolder surface, (2) Saturation of alocalized updraft produces a
stagnant air overlying a cooling surface, and (3) towering cloud. A cloud may be composed entirely
expansional cooling in upward moving air. of liquid water, of ice crystals, or amixture of the
Expansional cooling isthe major cause of cloud two.

PRECIPITATION

Precipitation isan all inclusive term denoting
drizzle, rain, snow, ice pellets, hail, and ice crystals.
Precipitation occurs when these particles grow in

PARTICLE GROWTH

size and weight until the atmosphere no longer can Once awater droplet or ice crystal forms, it
suspend them and they fall. These particles grow continuesto grow by added condensation or
primarily in two ways. sublimation directly onto the particle. Thisisthe

slower of the two methods and usually resultsin
drizzle or very light rain or snow.



Figure 36. Growth of raindrops by collision of cloud droplets.



Cloud particles collide and merge into alarger
drop in the more rapid growth process. This
process produces larger precipitation particles and
does so more rapidly than the simple condensation
growth process. Upward currents enhance the
growth rate and also support larger drops as shown
in figure 36. Precipitation formed by merging drops
with mild upward currents can produce light to
moderate rain and snow. Strong upward currents
support the largest drops and build cloudsto great
heights. They can produce heavy rain, heavy snow,
and hail.

LIQUID, FREEZING, AND FROZEN

Precipitation forming and remaining liquid falls as
rain or drizzle. Sublimation forms snowflakes, and
they reach the ground as snow if temperatures
remain below freezing.

Precipitation can change its state as the
temperature of its environment changes. Falling
snow

may melt in warmer layers of air at lower atitudes
toform rain. Rain falling through colder air may
become supercooled, freezing on impact as freezing
rain; or it may freeze during its descent, falling as
ice pellets. Ice pellets awaysindicate freezing rain
at higher altitude.

Sometimes strong upward currents sustain large
supercooled water drops until some freeze;
subsequently, other drops freeze to them forming
hailstones.

PRECIPITATION VERSUS CLOUD
THICKNESS

To produce significant precipitation, clouds
usually are 4,000 feet thick or more. The heavier the
precipitation, the thicker the clouds are likely to be.
When arriving at or departing from aterminal
reporting precipitation of light or greater intensity,
expect clouds to be more than 4,000 feet thick.

LAND AND WATER EFFECTS

Land and water surfaces underlying the atmosphere
greatly affect cloud and precipitation devel opment.
Large bodies of water such as oceans and large
lakes add water vapor to the air. Expect

the greatest frequency of low ceilings, fog, and

precipitation in areas where prevailing winds have
an over-water trajectory. Be especially alert for
these hazards when moist winds are blowing
upslope.

COLD AIR

SHOWERS

P
N

W

FOG

WARM AIR

Fioure 37. Lake effects. Air moving across a sizeable lake absorbs water vapor. Showers may appear on the leeward side
if the air is colder than the water. When the air is warmer than the water, fog often develops on the lee side.



In winter, cold air frequently moves over L akes often carry precipitation to the Appalachians

relatively warm lakes. The warm water adds heat as shown in figure 38.

and water vapor to the air causing showersto the A lake only afew miles across can influence

lee of the lakes. In other seasons, the air may be convection and cause adiurnal fluctuationin
warmer than the lakes. When this occurs, the air cloudiness. During the day, cool air over the lake
may become saturated by evaporation from the blows toward the land, and convective clouds form
water while also becoming cooler inthe low levels over the land as shown in figure 39, a photograph
by contact with the cool water. Fog often becomes of Lake Okeechobee in Florida. At night, the pattern
extensive and dense to the lee of alake. Figure 37 reverses; clouds tend to form over the lake as cool
illustrates movement of air over both warm and cold air from the land flows over the lake creating

lakes. Strong cold winds across the Great convective clouds over the water.

COLD ) }

APPALACHIAN
MOISTURE AND MOUNTAINS

WARM AIR RISING g St
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Ficure 38. Strong cold winds across the Great Lakes absorh water vapor and may carry showers as far eastward
as the Appalachians.



Fioure 39, A view of clouds from 27,000 feet over Lake Okeechobee in southern Florida., Note the lake effect. During
daytime, cool air from the lake flows toward the warmer land forming convective clouds over the land.

IN CLOSING

Water existsin three states—solid, liquid, and gaseous. Water vapor is an invisible gas. Condensation or sublimation of
water vapor creates many common aviation weather hazards. Y ou may anticipate:
1. Fog when temperature-dew point spread is 5° F or less and decreasing.
2. Lifting or clearing of low clouds and fog when temperature-dew point spread isincreasing.
3. Frost on aclear night when temperature dew point spread is5° F or less, is decreasing, and dew point is colder than 32° F.
4. More cloudiness, fog, and precipitation when wind blows from water than when it blows from land.

5. Cloudiness, fog, and precipitation over higher terrain when moist winds are blowing uphill.

6. Showersto the lee of alake when air is cold and the lake is warm. Expect fog to the |ee of the lake when the air iswarm and
thelakeiscold.

7. Cloudsto be at least 4,000 feet thick when significant precipitation is reported. The heavier the precipitation, the thicker
the clouds are likely to be.

8. Icing on your aircraft when flying through liquid clouds or precipitation with temperature freezing or colder.



Chapter 6
STABLE AND UNSTABLE AIR

To apilot, the stability of hisaircraftisavital unstable atmosphere allows an upward or
concern. A stable aircraft, when disturbed from downward disturbance to grow into avertical or
straight and level flight, returns by itself to a steady convective current.
balanced flight. An unstable aircraft, when This chapter first examines fundamental changes
disturbed, continues to move away from anormal in upward and downward moving air and then
flight attitude. relates stable and unstable air to clouds, weather,

So it iswith the atmosphere. A stable atmosphere and flying.

resists any upward or downward displacement. An

CHANGES WITHIN UPWARD AND DOWNWARD MOVING AIR

Anytime air moves upward, it expands because of compressed by increasing pressure. But as
decreasing atmospheric pressure as shown in figure pressure and volume change, temperature also
40. Conversely, downward moving air is changes.



When air expands, it cools; and when
compressed, it warms. These changes are
adiabatic, meaning that no heat isremoved from or
added to the air. We frequently use the terms
expansional or adiabatic cooling and
compressional or adiabatic



"Chinook Wind"—an excellent example of dry
adiabatic warming.

SATURATED AIR
Condensation occurs when saturated air moves
upward. Latent heat released through condensation
(chapter 5) partially offsets the expansional cooling.
Therefore, the saturated adiabatic rate of cooling
is slower than the dry adiabatic rate. The
saturated rate depends on saturation temperature or
dew point of the air. Condensation of copious
moisture in saturated warm air releases more |atent
heat to offset expansional cooling than does the
scant moisture in saturated cold air. Therefore, the
saturated adiabatic rate of cooling islessin warm
air thanincold air.
When saturated air moves downward, it heats at
BALLOON the samerate asit cools on ascent provided liquid
RISING water evaporates rapidly enough to maintain
saturation. Minute water droplets evaporate at
virtually thisrate. Larger drops evaporate more
slowly and complicate the moist adiabatic process
in downward moving air.

ADIABATIC COOLING AND
VERTICAL AIR MOVEMENT

If we force asample of air upward into the
atmosphere, we must consider two possibilities:
(1) Theair may become colder than the

surrounding air, or
(2) Even though it cools, the air may remain warmer
than the surrounding air.

If the upward moving air becomes colder than

. . surrounding air, it sinks; but if it remains warmer, it
Fioure 40. Decreasing atmospheric pressure causes the ; .

balloon to expand as it rises. Anytime air moves upward, is accelerated upward as a convective current.

it expands. Whether it sinks or rises depends on the ambient or
existing temperature |lapse rate (chapter 2).

Do not confuse existing lapse rate with adiabatic
rates of cooling in vertically moving air.* The
difference between the existing lapse rate of agiven
mass of air and the adiabatic rates of coolingin
upward moving air determinesif the air is stable or

UNSATURATED AIR unstable.
Unsaturated air moving upward and downward
cools and warms at about 3.0° C (5.4° F) per 1,000

heating. The adiabatic rate of change of
temperatureisvirtually fixed in unsaturated air but
variesin saturated air.

feet. Thisrateisthe "dry adiabatic rate of * Sometimes you will hear the dry and moist -
temperature change” and isindependent of the adiabatic rates of cooling called the dry adiabatic
temperature of the mass of air through which the |apse rate and the moist adiabatic lapse rate. In this
vertical movements occur. Figure 41 illustrates a book, lapse rate refers exclusively to the existing,

or actual, decrease of temperature with heightin a
real atmosphere. The dry or moist adiabatic lapse
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rate signifies a prescribed rate of expansional
cooling or compressional heating. An adiabatic
lapse rate becomes real only when it becomes a
condition brought about by vertically moving air.
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Fioure 41. Adiabatic warming of downward moving air produces the warm Chinook wind.

STABILITY AND INSTABILITY

L et's use a balloon to demonstrate stability and
instability. In figure 42 we have, for three situations,
filled aballoon at sealevel with air at 31° C —the
same as the ambient temperature. We have carried
the balloon to 5,000 feet. In each situation, the air in
the balloon expanded and cooled at the dry
adiabatic rate of 3° C for each 1,000 feet to a
temperature of 16° C at 5,000 feet.

Inthefirst situation (left), air inside the balloon,
even though cooling adiabatically, remains warmer
than surrounding air. Vertical motion isfavored.
The colder, more dense surrounding air forcesthe
balloon on upward. Thisair isunstable, and a
convective current develops.

In situation two (center) the air aloft iswarmer.
Air inside the balloon, cooling adiabatically, now
becomes colder than the surrounding air. The
balloon sinks under its own weight returning to its
original position when thelifting forceis removed.
Theair is stable, and spontaneous convectionis
impossible.

In the last situation, temperature of air inside the
balloon isthe same as that of surrounding air. The
balloon will remain at rest. This condition is

neutrally stable; that is, the air is neither stable nor
unstable.

Notethat, in all three situations, temperature of
air in the expanding balloon cooled at a fixed
rate. The differencesin the three conditions
depend, therefore, on the temperature differences
between the surface and 5,000 feet, that is, on the
ambient lapse rates.

HOW STABLE OR UNSTABLE?

Stability runs the gamut from absolutely stable to
absolutely unstable, and the atmosphere usually is
in adelicate balance somewhere in between. A
change in ambient temperature lapse rate of an air
mass can tip this balance. For example, surface
heating or cooling aloft can make the air more
unstable; on the other hand, surface cooling or
warming al oft often tips the balance toward greater
stability.



Air may be stable or unstablein layers. A stable
layer may overlie and cap unstable air; or,
conversely, air near the surface may be stable with
unstable layers above.
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Froure 42, Stability related to temperatures aloft and adiabatic cooling. In each situation, the balloon is filled at sea level

with air at 31° , carried manually o 5,000 feet, and released. In each case, air in the balloon expands and cools to 16° C

(at the dry adiabatic rate of 37 C per 1,000 feet). But, the temperature of the surrounding air aloft in ecach situation is

different. The balloon on the left will rise. Fxven though it cooled adiabatically, the balloon remains warmer and lighter

than the surrounding cold air, when released, it will continue upward spontaneously. The air is unstable; it favors vertical

motion. In the center, the surrounding air is warmer, The cold balloon will sink. [t resists our forced lifting and cannot
rise spontancously. The air is stable—it resists upward motion. On the right, surrounding air and the balloon are at the

same temperature. The balloon remains at rest since no density difference exists to displace it vertically, The air is neutral-

ly stable, i.e., it neither favors nor resists vertical motion. A mass of air in which the temperature decreases rapidly with

height favors instability; but, air tends to be stable if the temperature changes little or not at all with altitude

CLOUDS STABLE OR UNSTABLE?

Chapter 5 states that when air is cooling and first
becomes saturated, condensation or sublimation
beginsto form clouds. Chapter 7 explains cloud
types and their significance as "signpostsin the
sky." Whether the air is stable or unstable within a
layer largely determines cloud structure.

Stratiform Clouds

Since stable air resists convection, cloudsin stable
air form in horizontal, sheet-like layers or "strata.”
Thus, within astable layer, clouds are stratiform.
Adiabatic cooling may be by upslope flow as

illustrated in figure 43; by lifting over cold, more
denseair; or by converging winds. Cooling by an
underlying cold surface is a stabilizing process and
may produce fog. If clouds are to remain stratiform,
the layer must remain stable after condensation
occurs.

Cumuliform Clouds

Unstable air favors convection. A "cumulus"
cloud, meaning "heap," formsin aconvective
updraft and builds upward, also shown in figure 43.
Thus, within anunstable layer, clouds are
cumuliform; and the vertical extent of the cloud
depends on the depth of the unstable layer.
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Ficure 43. When stable air (left) is forced upward, the air tends to retain horizontal flow, and any cloudiness is flat and
stratified. When unstable air is forced upward, the disturbance grows, and any resulting cloudiness shows extensive ver-

tical development.

Initia lifting to trigger a cumuliform cloud may be
the same as that for lifting stable air. In addition,
convection may be set off by surface heating
(chapter 4). Air may be unstable or slightly stable
before condensation occurs; but for convective
cumuliform clouds to develop, it must be unstable
after saturation. Cooling in the updraft is now at the
slower moist adiabatic rate because of the release of
latent heat of condensation. Temperature in the
saturated updraft is warmer than ambient
temperature, and convection is spontaneous.
Updrafts accelerate until temperature within the
cloud cools below the ambient temperature. This
condition occurs where the unstable layer is
capped by a stable layer often marked by a
temperature inversion. Vertical heights range from
the shallow fair weather cumulus to the giant
thunderstorm cumulonimbus—the ultimate in
atmospheric instability capped by the tropopause.

Y ou can estimate height of cumuliform cloud
bases using surface temperature-dew point spread.
Unsaturated air in a convective current cools at
about 5.4° F (3.0° C) per 1,000 feet; dew point
decreases at about 1° F (5/9° C). Thus, ina
convective current, temperature and dew point con-

verge at about 4.4° F (2.5° C) per 1,000 feet as
illustrated in figure 44. We can get aquick estimate
of aconvective cloud base in thousands of feet by
rounding these values and dividing into the spread
or by multiplying the spread by their reciprocals.
When using Fahrenheit, divide by 4 or multiply by
.25; when using Celsius, divide by 2.2 or multiply
by .45. This method of estimating isreliable only
with instability clouds and during the warmer part
of the day.

When unstable air lies above stable air,
convective currents al oft sometimes form middle
and high level cumuliform clouds. In relatively
shallow layersthey occur as altocumulus and ice
crystal cirrocumulus clouds. Altocumulus
castellanus clouds develop in deeper midlevel
unstable layers.

Merging Stratiform and Cumuliform

A layer of stratiform clouds may sometimes form
inamildly stable layer while afew ambitious
convective clouds penetrate the layer thus merging
stratiform with cumuliform. Convective clouds may



be almost or entirely embedded in amassive
stratiform layer and pose an unseen threat to
instrument flight.
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WHAT DOES IT ALL MEAN?

A
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Figure 44. Cloud base determination, Temperature and
dew point in upward moving air converge at a rate of
about 47 F or 2.2° C per 1,000 fect.

Can wefly in unstable air? Stable air? Certainly we can and ordinarily do since air is seldom neutrally stable. The usual
convection in unstable air gives a"bumpy" ride; only at timesisit violent enough to be hazardous. In stable air, flying is
usually smooth but sometimes can be plagued by low ceiling and visibility. It behooves usin preflight planning to take into
account stability or instability and any associated hazards. Certain observations you can make on your own:

1. Thunderstorms are sure signs of violently unstable air. Give these storms awide berth.

2. Showers and clouds towering upward with great ambition indicate strong updrafts and rough (turbulent) air. Stay clear of
these clouds.

3. Fair weather cumulus clouds often indicate bumpy turbulence beneath and in the clouds. The cloud topsindicate the
approximate upper limit of convection; flight aboveis usually smooth.

4. Dust devilsare asign of dry, unstable air, usually to considerable height. Y our ride may be fairly rough unless you can
get above the instability.

5. Stratiform clouds indicate stable air. Flight generally will be smooth, but low ceiling and visibility might require IFR.

6. Restricted visibility at or near the surface over large areas usually indicates stable air. Expect a smooth ride, but poor
visibility may require IFR.

7. Thunderstorms may be embedded in stratiform clouds posing an unseen threat to instrument flight.
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8. Evenin clear weather, you have some clues to stability, viz.:

a. When temperature decreases uniformly and rapidly as you climb (approaching 3° C per 1,000 feet), you have an indication
of unstable air.

b. If temperature remains unchanged or decreases only slightly with altitude, the air tends to be stable.

c. If the temperature increases with altitude through alayer—an inversion—the layer is stable and convection is
suppressed. Air may be unstable beneath the inversion.

d. When air near the surface is warm and moist, suspect instability. Surface heating, cooling aloft, converging or upsiope
winds, or an invading mass of colder air may lead to instability and cumuliform clouds.

Chapter 7 CLOUDS

Clouds, to almost everyone, have some meaning. you visualize weather conditions and potential
But to you as apilot, clouds are your weather weather hazards you might encounter in flight. Let's
"signpostsin the sky." They give you an indication examine these "signposts' and how to identify
of air motion, stability, and moisture. Clouds help them.

IDENTIFICATION

For identification purposes, you need be currentsin unstable air are cumulus meaning
concerned only with the more basic cloud types, accumulation
which are divided into four "families." The families
are: high clouds, middle clouds, low clouds, and
clouds with extensive vertical development. The
first three families are further classified according to
the way they are formed. Clouds formed by vertical



or heap; they are characterized by their lumpy,
billowy appearance. Clouds formed by the cooling
of astable layer are stratus meaning stratified or
layered; they are characterized by their uniform,
sheet-like appearance.

In addition to the above, the prefix nimbo or the
suffix nimbus means raincloud. Thus, stratified



Ficure 45, CIRRUS. Cirrus are thin, feather-like ice crystal clouds in patches or narrow bands. Larger ice crystals
often trail downward in well<defined wisps called "mares’ tails.” Wispy, cirrus-like, these contain no significant icing or

turbulence. Dense, banded cirrus, which often are turbulent, are discussed in chapter 13.

cloudsfrom which rain isfalling are nimbostratus.
A heavy, swelling cumulus type cloud which
produces precipitation is acumulonimbus. Clouds
broken into fragments are often identified by
adding the suffix fractus; for example, fragmentary
cumulus iscumulus fractus.

HIGH CLOUDS

The high cloud family is cirriform and includes
cirrus, cirrocumulus, and cirrostratus. They are
composed almost entirely of ice crystals. The
height of the bases of these clouds ranges from
about 16,500 to 45,000 feet in middle latitudes.
Figures 45 through 47 are photographs of high
clouds.

MIDDLE CLOUDS

In the middle cloud family are the altostratus,
altocumulus, and nimbostratus clouds. These
clouds are primarily water, much of which may be
supercooled. The height of the bases of these
clouds ranges from about 6,500 to 23,000 feet in

middle latitudes. Figures 48 through 52 are
photographs of middle clouds.

LOW CLOUDS

In the low cloud family are the stratus,
stratocumulus, and fair weather cumulus clouds.
Low clouds are aimost entirely water, but at times
the water may be supercooled. Low clouds at
subfreezing temperatures can also contain snow
and ice particles. The bases of these clouds range
from near the surface to about 6,500 feet in middle
latitudes. Figures 53 through 55 are photographs of
low clouds.

CLOUDS WITH EXTENSIVE VERTICAL
DEVELOPMENT

The vertically developed family of clouds
includes towering cumulus and cumulonimbus.
These clouds usually contain supercooled water
above the freezing level. But when a cumulus grows
to great heights, water in the upper part of the
cloud freezesinto ice crystalsforming a

4



cumulonimbus. The heights of cumuliform cloud
bases range from 1,000 feet or less to above 10,000
feet. Figures 56 and 57 are photographs of clouds
with extensive vertical development.



Figure 46. CIRROCUMULUS. Cirrocumulus are thin clouds, the individual elements appearing as small white flakes
or patches of cotton. May contain highly supercooled water droplets. Some turbulence and icing.

Fioure 47. CIRROSTRATUS. Cirrostratus is a thin whitish cloud layer appearing like a sheet or veil. Cloud elements

are diffuse, sometimes partially striated or fibrous. Due to their ice crystal makeup, these clouds are associated with halos—

large luminous circles surrounding the sun or moon. No turbulence and little if any icing. The greatest problem flying in
cirriform clouds is restriction to visibility. They can make the strict use of instruments mandatory.



Ficure 48, ALTOCUMULUS. Altocumulus are composed of white or gray colored layers or patches of solid cloud. The
cloud elements may have a waved or roll-like appearance. Some turbulence and small amounts of icing.
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Froure 49. ALTOSTRATUS. Altostratus is a bluish veil or layer of clouds. It is often associated with altocumulus and
sometimes gradually merges into cirrostratus. The sun may be dimly visible through it. Little or no turbulence with mod-
erate amounts of ice,



Fiover 50, ALTOOCUMULUS CASTELLANUS, Altccumulus castetlanus are middle level comvective clouds. They

are characterized by their Billowing tops and comparatively high bases They are a good indicaton of mid-level insta-
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Froume 52. NIMBOSTRATUS. Nimbostratus is a gray or dark massive cloud layer, diffused by more or less continuous
rain, snow, or ice pellets, This type is classified as a middle cloud although it may merge into very low stratus or strato-

cumulus. Very little turbulence, but can pose a serious icing problem if temperatures are near or below freezing.
Y ’

Froure 53 STRATUS. Stratus is a gray, uniform, sheet-like cloud with relatively low bases. When associated with fog
or precipitation, the combination can become troublesome for visual flying. Little or no turbulence, but temperatures
near or }j{'][hw El'f't'{i]l!,! CAam Cr C'Hll' !la'{:t]fll)ll"\ ll[]lL: 4"1["L|;til||1s
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Fioure 54, STRATOCUMULUS. Stratocumulus bases are globular masses or rolls unlike the flat, sometimes indefinite,
bases of stratus. They usually form at the top of a layer mixed by moderate surface winds, Sometimes, they form from
the breaking up of stratus or the spreading out of cumulus. Some turbulence, and pc):si.l:lt' i['ing at .\.'uhl’rttrzir:g temperatures,
Ceiling and visibility usually better than with low stratus.

Ficure 55. CUMULUS. Fair weather cumulus clouds form in convective currents and are characterized by relatively
flat bases and dome-shaped tops. Fair weather cumulus do not show extensive vertical development and do not produce
precipitation. More often, fair weather cumulus indicates a shallow layer of instability. Some turbulence and no signif-
icant icing.



Fioure 56. TOWERING CUMULUS. Towering cumulus signifies a relatively deep layer of unstable air. It shows
considerable vertical development and has billowing caultflower tops. Showers can result from these clouds. Very strong
turbulence; some clear icing above the freezing level.

i

Fiovre 57. CUMULONIMBUS. Cumulonimbus are the ultimate manifestation of instability. They are vertically de-
veloped clouds of large dimensions with dense boiling tops often crowned with thick veils of dense cirrus (the anvil), Nearly
the entire spectrum of flying hazards are contained in these clouds including violent turbulence. They should be avoided
at all times! This cloud is the thunderstorm cloud and is discussed in detail in chapter 11, “Thunderstorms.”

SIGNPOSTS IN THE SKY
VI



The photographs illustrate some of the basic cloud types. The caption with each photograph describes the type and its
significance to flight. In closing, we suggest you take a second look at the

cloud photographs. Study the descriptions and potential hazards posed by each type and learn to the clouds as " signposts
in the sky."

Chapter 8
AIR MASSES AND FRONTS

Why isweather today clear and cold over the safety and economy of flight when you can
Oklahomawhileit iswarm and moist over Alabama? evaluate the expected effects of air masses and
What caused the line of thunderstorms that you fronts. This chapter explains air masses and fronts
circumnavigated over eastern Arkansas? Air and relates them to weather and flight planning.
masses and fronts provide the answer. Y ou can
better plan
AIR MASSES

When a body of air comesto rest or moves becomes somewhat of an entity asillustrated in
slowly over an extensive area having fairly uniform figure 58 and has fairly uniform horizontal
properties of temperature and moisture, the air takes distribution of its properties. The area over which

on those properties. Thus, the air over the area



the air mass acquires itsidentifying distribution of
moisture and temperature isits "source region."

Source regions are many and varied, but the best
source regions for air masses are large snow or ice
covered polar regions, cold northern oceans,
tropical oceans, and large desert areas.
Midlatitudes are poor source regions because
transitional disturbances dominate these latitudes
giving little opportunity for air masses to stagnate
and take on the properties of the underlying region.



Figure 58. Horizontal uniformity of an air mass. (Properties of air at A, A%, etc., are about the same as those at A;
properties at B!, BY, etc., are about the same as those at B.)

AIR MASS MODIFICATION

Just as an air mass took on the properties of its
sourceregion, it tendsto take on properties of the
underlying surface when it moves away from its
source region, thus becoming modified.

The degree of modification depends on the speed
with which the air mass moves, the nature of the
region over which it moves, and the temperature
difference between the new surface and the air
mass. Some ways air masses are modified are: (1)
warming from below, (2) cooling from below, (3)
addition of water vapor, and (4) subtraction of
water vapor:

1. Cool air moving over awarm surface is heated
from below, generating instability and
increasing the possibility of showers.

2. warm air moving over acool surfaceis cooled
from below, increasing stability. If air is cooled
toits dew point, stratus and/or fog forms.

3. Evaporation from water surfaces and falling
precipitation adds water vapor to the

air. When the water is warmer than the air,

evaporation can raise the dew point sufficiently to

saturate the air and form stratus or fog.

4. Water vapor is removed by condensation and
precipitation.

STABILITY

Stability of an air mass determinesitstypical
weather characteristics. When one type of air mass
overlies another, conditions change with height.
Characteristicstypical of an unstable and astable
air mass are asfollows:

Unstable Air Sable Air

Cumuliform clouds Stratiform clouds

and fog
Showery precipitation Continuous
precipitation
Rough air (turbulence) Smoocth air
Good visibility, except Fair to poor
in blowing obstructions visibility in haze
and smoke

FRONTS



Asair masses move out of their source regions,
they comein contact with other air masses of dif-
ferent properties. The zone between two different
air massesisafrontal zone or front. Acrossthis



zone, temperature, humidity and wind often change
rapidly over short distances.

DISCONTINUITIES

When you pass through afront, the change from
the properties of one air mass to those of the other
is sometimes quite abrupt. Abrupt changes indicate
anarrow frontal zone. At other times, the change of
propertiesisvery gradual indicating a broad and
diffuse frontal zone.

Temperature

Temperature is one of the most easily recognized
discontinuities across afront. At the surface, the
passage of afront usually causes noticeable
temperature change. When flying through a front,
you note asignificant change in temperature,
especially at low altitudes. Remember that the
temperature change, even when gradual, is faster
and more pronounced than a change during aflight
wholly within one air mass. Thus, for safety, obtain
anew altimeter setting after flying through afront.
Chapter 3 discussed the effect of atemperature
change on the aircraft altimeter.

Dew Point

Asyou learned in Chapter 5, dew point
temperatureis a measure of the amount of water
vapor inthe air. Temperature-dew point spread isa
measure of the degree of saturation. Dew point and
temperature-dew point spread usually differ across
afront. The difference helpsidentify the front and
may give aclue to differences of cloudiness and/ or
fog.

Wind

Wind always changes across afront. Wind
discontinuity may bein direction, in speed, orin
both. Be alert for awind shift when flying in the
vicinity of afrontal surface; if the wind shift
catches you unaware it can get you off course or
even lost in ashort time. The relatively sudden
change in wind also creates wind shear, and you
will study its significance in the next chapter,
"Turbulence."

Pressure

A front liesin apressure trough, and pressure
generally ishigher in the cold air. Thus, when you
crossafront directly into colder air, pressure
usually rises abruptly. When you approach afront
toward warm air, pressure generally falls until you
cross the front and then remains steady or falls

dlightly in the warm air. However, pressure patterns
vary widely across fronts, and your course may not
be directly across afront. The important thing to
remember isthat when crossing afront, you will
encounter adifferencein the rate of pressure
change; be especially alert in keeping your altimeter
setting current.

TYPES OF FRONTS

The three principal types of fronts are the cold
front, the warm front, and the stationary front.

Cold Front

The leading edge of an advancing cold air massis
acold front. At the surface, cold air is overtaking
and replacing warmer air. Cold fronts move at about
the speed of the wind component perpendicular to
the front just above the frictional layer. Figure 59
shows the vertical cross section of acold front and
the symbol depicting it on a surface weather chart.
A shallow cold air mass or aslow moving cold front
may have afrontal slope more like awarm front
shown in figure 60.

Warm Front

The edge of an advancing warm air massisa
warm front—warmer air is overtaking and replacing
colder air. Since the cold air is denser than the warm
air, thecold air hugs the ground. The warm air
slides up and over the cold air and lacks direct push
on thecold air. Thus, the cold air is slow to retreat
in advance of thewarm air. This slowness of the
cold air to retreat produces afrontal slopethat is
more gradual than the cold frontal slope as shown
in figure 60. Consequently, warm fronts on the
surface are seldom as well marked as cold fronts,
and they usually move about half as fast when the
general wind flow isthe samein each case.

Stationary Fronts



When neither air massis replacing the other, the
front is stationary. Figure 61 shows a cross section
of astationary front and its symbol on asurface
chart. The opposing forces exerted by adjacent air
masses of different densities are such that the
frontal surface between them showslittle or no
movement. In such cases, the surface windstend to
blow parallel to the frontal zone. Slope of a
stationary front is normally shallow, although it
may be steep depending on wind distribution and
density difference.



COLD T~

WARM

Figure 59. Cross section of a cold front (above) with the weather map symbol (below). The symbol is a line with pointed
barbs pointing in the direction of movement. If a map is in color, a blue line represents the cold front. The vertical scale
is expanded in the top illustration to show the frontal slope. The frontal slope is steep near the leading edge as cold air
replaces warm air. The solid heavy arrow shows movement of the front. Warm air may descend over the front as indicated
by the dashed arrows; but more commonly, the cold air forces warm air upward over the frontal surface as shown by
the solid arrows.

FRONTAL WAVES AND OCCLUSION

Frontal waves and cyclones (areas of low pressure) usually form on slow-moving cold fronts or on stationary fronts. The
life cycle and movement of acycloneisdictated to agreat extent by the upper wind flow.



Intheinitial condition of frontal wave development in figure 62, the winds on both sides of the front are blowing parallel
tothefront (A). Small disturbances then may start abend in the front (B).
If thistendency persists and the wave increasesin size, acyclonic (counterclockwise) circulation

COLD
—*

WARM

Fiaure 60. Cross section of a warm front (top) with the weather map symbol (bottom). The symbol is a line with rounded
barbs pointing in the direction of movement. If a map is in color, a red line represents the warm front. Slope of a warm
front generally is more shallow than slope of a cold front. Movement of a warm front shown by the heavy black arrow is
slower than the wind in the warm air represented by the light solid arrows. The warm air gradually erodes the cold air.

develops. One section of the front beginsto move winds are now strong enough to move the fronts;
asawarm front, while the section next to it begins the cold
to moveasacold front (C). Thisdeformationisa
frontal wave.

The pressure at the peak of the frontal wave falls,
and alow-pressure center forms. The cyclonic front moves faster than the warm front (D). When
circulation becomes stronger, and the surface the cold front catches up with the warm front, the

two of them occlude (close together). Theresultis



an occluded front or, for brevity, an occlusion (E).
Thisisthetime of maximum intensity for the wave
cyclone. Note that the symbol depicting the
occlusion is a combination of the symbolsfor the
warm and cold fronts.



COLD

WARM

Fioure 61. Cross section of a stationary front (top) and its weather map symbol (bottom). The symbol is a line with al-
ternating pointed and rounded barbs on opposite sides of the line, the pointed barbs pointing away from the cold air and
the rounded barbs away from the warm air. If a map is in color, the symbol is a line of alternating red and blue segments,
The front has little or no movement and winds are nearly parallel to the front. The symbol in the warm air is the tail of
a wind arrow into the page. The symbol in the cold air is the point of a wind arrow out of the page. Slope of the front
may vary considerably depending on wind and density differences across the front.

Asthe occlusion continuesto grow in length, the together to form the occlusion. In the final stage,
cyclonic circulation diminishesin intensity and the the two fronts may have become a single stationary
frontal movement slows down (F). Sometimes a new front again. The low center with its remnant of the
frontal wave beginsto form on the long westward- occlusion is disappearing (G).
trailing portion of the cold front (F,G), or a Figure 63 indicates awarm-front occlusion in
secondary low pressure system forms at the apex vertical cross section. Thistype of occlusion
where the cold front and warm front come occurs when the air is colder in advance of the

warm



Fioure 62. The life cycle of a frontal wave.



(Warm Air Aloft)

COOL
COLD

Froure 63. Cross section of a warm-front occlusion (top) and its weather map symbol (bottom). The symbol is a line with al-
ternating pointed and rounded barbs on the same side of the line pointing in the direction of movement. Shown in color
on a weather map, the line is purple. In the warm front occlusion, air under the cold front is not as cold as air ahead of
the warm front; and when the cold front overtakes the warm front, the less cold air rides over the colder air. In a warm
front occlusion, cool air replaces cold air at the surface.

front than behind the cold front, lifting the cold front al oft.

Figure 64 indicates a cold-front occlusion in vertical cross section. Thistype of occlusion occurs when the air behind the
cold front is colder than the air in advance of the warm front, lifting the warm front al oft.

NON-FRONTAL LOWS



Since fronts are boundaries between air masses of different properties, fronts are not associated with lowslying solely in a
homogeneous air mass. Nonfrontal lows are infrequent east of the Rocky Mountains in midlatitudes but do occur occasion-

WARM

COLD
COOL

Ficure 64. Cross section of a cold-front occlusion. Its weather map symbol is the same as for a warm-front occlusion shown
in Figure 63, In the cold-front occlusion, the coldest air is under the cold front. When it overtakes the warm [ront, it lifts
the warm front aloft; and cold air replaces cool air at the surface.

aly during the warmer months. Small nonfrontal front, the front dissipates. This process,

lows over the western mountains are common asis frontolysis, isillustrated in figure 65. Frontogenesis
the semistationary thermal low in extreme isthe generation of afront. It occurswhen a
Southwestern United States. Tropical lows are also relatively sharp zone of transition develops over an
nonfrontal. area between two air masses which have densities

gradually becoming more and morein contrast with
each other. The necessary wind flow pattern
develops at the same time. Figure 66 shows an
example of frontogenesis with the symbol.

FRONTOLYSIS AND FRONTOGENESIS

As adjacent air masses modify and as temperature
and pressure differences equalize across a




FRONTAL WEATHER

Infronts, flying weather varies from virtually clear
skies to extreme hazards including hail, turbulence,
icing, low clouds, and poor visibility. Weather
occurring with afront dependson ( 1) the amount
of moisture available, (2) the degree of stahility of
the air that is forced upward, (3) the slope of the
front, (4) the speed of frontal movement, and (5) the
upper wind flow.

Sufficient moisture must be available for cloudsto
form, or there will be no clouds. Asan inactive front
comes into an area of moisture, clouds and
precipitation may develop rapidly. A good example
of thisisacold front moving eastward from the dry
slopes of the Rocky Mountainsinto atongue of
moist air from the Gulf of Mexico over the Plains
States. Thunderstorms may build rapidly and catch
apilot unaware.

The degree of stability of the lifted air determines
whether cloudiness will be predominately stratiform
or cumuliform. If thewarm air overriding thefront is
stable, stratiform clouds develop. If thewarm air is
unstable, cumuliform clouds devel op. Precipitation
from stratiform cloudsis usually steady as
illustrated in figure 67 and thereislittle or no
turbulence. Precipitation from cumuliform cloudsis
of ashower type asin figure 68, and the clouds are
turbulent.

Shallow frontal surfaces tend to give extensive
cloudiness with large precipitation areas (figure 69).
Widespread precipitation associated with a gradual
sloping front often causes low stratus and fog. In
this case, the rain raises the humidity of the cold air
to saturation. This and related effects may produce
low ceiling and poor visibility over thousands of
square miles. If temperature of the cold air near the
surfaceis below freezing but the warmer air aloft is
above freezing, precipitation falls as freezing rain or

ice pellets; however, if temperature of the warmer air
aloft iswell below freezing, precipitation forms as
SNow.

When the warm air overriding a shallow front is
moist and unstable, the usual widespread cloud
mass forms; but embedded in the cloud mass are
altocumulus, cumulus, and even thunderstorms as
infigures 70 and 71. These embedded storms are
more common with warm and stationary fronts but
may occur with aslow moving, shallow cold front.
A good preflight briefing helps you to foresee the
presence of these hidden thunderstorms. Radar
also helpsin this situation and is discussed in
chapter 11.

A fast moving, steep cold front forces upward
motion of the warm air along its leading edge. If the
warm air is moist, precipitation occursimmediately
along the surface position of the front as shown in
figure 72.



Since an occluded front develops when a cold
front overtakes awarm front, weather with an
occluded front is a combination of both warm and
cold frontal weather. Figures 73 and 74 show warm
and cold occlusions and associated weather.

A front may have little or no cloudiness
associated with it. Dry fronts occur when the warm
air aloft isflowing down the frontal slope or the air
isso dry that any cloudiness that occursisat high
levels.



The upper wind flow dictates to a great extent the amount of cloudiness and rain accompanying afrontal system as well
as movement of the front itself. Remember in chapter 4 we said that systems tend to move with the upper winds. When
winds aloft blow across afront, it tends to move with the wind. When winds aloft parallel afront, the front moves slowly
if at all. A deep, slow moving trough aloft forms extensive cloudiness and precipitation,

while arapid moving minor trough more often restricts weather to arather narrow band. However, the |atter often breeds
severe, fast moving, turbulent spring weather.

INSTABILITY LINE

Aninstability lineisanarrow, nonfrontal line or band of convective activity. If the activity isfully developed
thunderstorms, figure 75, thelineisa

squall line (chapter 11, "Thunderstorms").
Instability linesform in moist unstable air. An
instability line may develop far from any front.
More often, it devel ops ahead of acold front, and
sometimes a series of these lines move out ahead of
the front. A favored location for instability lines
which frequently erupt into severe thunderstormsis
adew point front or dry line.

DEW POINT FRONT OR DRY LINE

During a considerable part of the year, dew point
fronts are common in Western Texas and New
Mexico northward over the Plains States. Moist air
flowing north from the Gulf of Mexico abutsthe
dryer and therefore slightly denser air flowing from
the southwest. Except for moisture



differences, thereis seldom any significant air mass mark the dry side. In spring and early summer over

contrast across this "Front"; and therefore, it is Texas, Oklahoma, and Kansas, and for some
commonly called a"dry line." Nighttime and early distance eastward, the dry lineis afavored
morning fog and low-level clouds often prevail on the spawning areafor squall lines and tornadoes.

moist side of the line while generally clear skies







FRONTS AND FLIGHT PLANNING

Surface weather charts pictorially portray fronts and, in conjunction with other forecast charts and special analyses, aid
you in determining expected weather conditions along your proposed route. Knowing the locations of fronts and associated
weather helps you determine if you can proceed as planned. Often you can change your route to avoid adverse weather.

Frontal weather may change rapidly. For example, there may be only cloudiness associated with a cold front over northern
[llinois during the morning but with a strong squall line forecast by afternoon. Skies may be partly cloudy during the

afternoon over Atlantain advance of awarm front, but by sunset drizzle and dense fog are forecast. A cold front in Kansas
is producing turbulent thun-

derstorms, but by midnight the upper flow is expected to dissipate the thunderstorms and weaken the front. A Pacific front
is approaching Seattle and is expected to produce heavy rain by midnight.



A mental picture of what is happening and what is forecast should greatly aid you in avoiding adverse weather
conditions. If unexpected adverse weather develops en route, your mental picture aids you in planning the best diversion. If
possible, always obtain a good preflight weather briefing.

We suggest you again look at figures 67 through 75 and review weather conditions associated with different types of
fronts and stability conditions. These are only afew of many possibilities, but they should give some help during preflight
planning or inflight diversion.

Chapter 9
TURBULENCE

Everyone who flies encounters turbulence at slowly, the changes in accel eration would be more
sometime or other. A turbulent atmosphereis one gradual. Thefirst rulein flying turbulenceisto
inwhich air currents vary greatly over short reduce airspeed. Y our aircraft manual most likely
distances. These currents range from rather mild lists recommended airspeed for penetrating
eddiesto strong currents of relatively large turbulence.
dimensions. As an aircraft moves through these Knowing where to expect turbulence helps a

currents, it undergoes changing accel erations
which jostle it from its smooth flight path. This
jostling isturbulence. Turbulence ranges from
bumpiness which can annoy crew and passengers
to severe jolts which can structurally damage the
aircraft or injure its passengers.

Aircraft reaction to turbulence varies with the
difference in windspeed in adjacent currents, size of
the aircraft, wing loading, airspeed, and aircraft
attitude. When an aircraft travels rapidly from one
current to another, it undergoes abrupt changesin
acceleration. Obviously, if the aircraft moved more



pilot avoid or minimize turbulence discomfort and wake of moving aircraft whenever the airfoils exert
hazards. The main causes of turbulenceare (1) lift—wake turbulence. Any combination of causes
convective currents, (2) obstructionsto wind flow, may occur at onetime.

and (3) wind shear. Turbulence also occursin the

CONVECTIVE CURRENTS

Convective currents are acommon cause of arelocalized vertical air movements, both
turbulence, especially at low altitudes. These ascending and descending. For every rising
currents current, there




is acompensating downward current. The
downward currents frequently occur over broader
areas than do the upward currents, and therefore,
they have a slower vertical speed than do therising
currents.

Convective currents are most active on warm
summer afternoons when winds are light. Heated air
at the surface creates a shallow, unstable layer, and
thewarm air isforced upward. Convection
increases in strength and to greater heights as
surface heating increases. Barren surfaces such as
sandy or rocky wastelands and plowed fields
become hotter than open water or ground covered
by vegetation. Thus, air at and near the surface
heats unevenly. Because of uneven heating, the
strength of convective currents can vary
considerably within short distances.

When cold air moves over awarm surface, it
becomes unstable in lower levels. Convective
currents extend several thousand feet above the
surface resulting in rough, choppy turbulence when
flying in the cold air. This condition often occursin
any season after the passage of a cold front.

Figure 76 illustrates the effect of low-level
convective turbulence on aircraft approaching to
land. Turbulence on approach can cause abrupt
changesin airspeed and may evenresultin astall at
adangerously low altitude. To prevent the danger,

increase airspeed slightly over normal approach
speed. This procedure may appear to conflict with
the rule of reducing airspeed for turbulence
penetration; but remember, the approach speed for
your aircraft iswell below the recommended
turbulence penetration speed.

Asair moves upward, it cools by expansion. A
convective current continues upward until it
reaches alevel where its temperature coolsto the
same as that of the surrounding air. If it coolsto
saturation, acloud forms. Billowy fair weather
cumulus clouds, usually seen on sunny afternoons,
are signpostsin the sky indicating convective
turbulence. The cloud top usually marks the
approximate upper limit of the convective current. A
pilot can expect to encounter turbulence beneath or
in the clouds, while above the clouds, air generally
is smooth. Y ou will find most comfortable flight
abovethe cumulus asillustrated in figure 77.

When convection extendsto greater heights, it
develops larger towering cumulus clouds and
cumulonimbus with anvil-like tops. The
cumulonimbus gives visual warning of violent
convective turbulence discussed in more detail in
chapter 11.

The pilot should also know that when air istoo
dry for cumulus to form, convective currents still
can be active. He haslittle indication of their
presence until he encounters turbulence.



OBSTRUCTIONS TO WIND FLOW

Obstructions such as buildings, trees, and rough
terrain disrupt smooth wind flow into a complex
snarl of eddies as diagrammed in figure 78. An
aircraft flying through these eddies experiences
turbulence. This turbulence we classify as
"mechanical” sinceit results from mechanical
disruption of the ambient wind flow.

The degree of mechanical turbulence dependson
wind speed and roughness of the obstructions. The
higher the speed and/or the rougher the sur-

face, the greater is the turbulence. The wind carries
the turbulent eddies downstream—how far
depends on wind speed and stability of the air.
Unstable air allows larger eddies to form than those
that form in stable air; but the instability breaks up
the eddies quickly, whilein stable air they dissipate
slowly.

Mechanical turbulence can also cause cloudiness
near the top of the mechanically disturbed layer.
However, the type of cloudiness tells you whether



it isfrom mechanica or convective mixing.

M echanical mixing produces stratocumulus clouds
in rows or bands, while convective clouds form a
random pattern. The cloud rows developed by
mechanical mixing may be parallel to or
perpendicular to the wind depending on
meteorological factorswhich we do not discuss
here.

Theairport areais especialy vulnerable to
mechanical turbulence which invariably causes
gusty surface winds. When an aircraftisin alow-
level approach or aclimb, airspeed fluctuatesin the
gusts, and the aircraft may even stall. During
extremely gusty conditions, maintain amargin of
airspeed above normal approach or climb speed to
allow for changesin airspeed. When landing with a
gusty crosswind asillustrated in figure 79, be alert
for mechanical turbulence and control problems
caused by airport structures upwind. Surface gusts
also create taxi problems.

Mechanical turbulence call affect low-level
crosscountry flight about anywhere. Mountains
can generate turbulence to altitudes much higher
than the mountains themsel ves.

When flying over rolling hills, you may
experience mechanical turbulence. Generally, such
turbulence is not hazardous, but it may be
annoying or uncomfortable. A climb to higher
altitude should reduce the turbulence.

When flying over rugged hills or mountains,
however, you may have some real turbulence prob-

lems. Again, we cannot discuss mechanical
turbulence without considering wind speed and

stability. When wind speed across mountains
exceeds about 40 knots, you can anticipate
turbulence. Where and to what extent depends
largely on stability.

If the air crossing the mountainsis unstable,
turbulence on the windward side is almost certain.
If sufficient moistureis present, convective clouds
form intensifying the turbulence. Convective
clouds over amountain or along aridge are asure
sign of unstable air and turbulence on the
windward side and over the mountain crest.

Asthe unstable air crosses the barrier, it spills
down the leeward slope often as aviolent
downdraft. Sometimes the downward speed
exceeds the maximum climb rate for your aircraft and
may drive the craft into the mountainside as shown
in figure 80. In the process of crossing the
mountains, mixing reduces the instability to some
extent. Therefore, hazardous turbulence in unstable
air generally does not extend a great distance
downwind from the barrier.

MOUNTAIN WAVE

When stable air crosses amountain barrier, the
turbulent situation is somewhat reversed. Air
flowing up the windward side isrelatively smooth.
Wind flow across the barrier islaminar—that is, it
tendsto flow in layers. The barrier may set up
waves in these layers much as waves develop on






adisturbed water surface. The waves remain nearly
stationary while the wind blows rapidly through
them. The wave pattern, diagrammed in figure 81, is
a"standing” or "mountain” wave, so hamed
because it remains essentially stationary and

is associated with the mountain. The wave pattern may
extend 100 miles or more downwind from the barrier.
Wave crests extend well above the highest mountains,
sometimesinto the lower stratosphere. Under



each wave crest isarotary circulation also
diagrammed in figure 81. The "rotor" forms below
the elevation of the mountain peaks. Turbulence
can beviolent in the overturning rotor. Updrafts
and downdrafts in the waves can also create violent
turbulence.

Figure 81 further illustrates clouds often associated
with amountain wave. When moisture is sufficient
to produce clouds on the windward side, they are
stratified. Crests of the standing waves may be
marked by stationary, lens-shaped clouds known as
"standing lenticular” clouds. Figure 82isa
photograph of standing lenticular clouds. They
form in the updraft and dissipate in the downdraft,
so they do not move as the wind blows through
them. The rotor may also be marked by a"rotor"
cloud. Figure 83 is a photograph of aseries of rotor
clouds, each under the crest of awave. But
remember, clouds are not always present to mark
the mountain wave. Sometimes, the air istoo dry.
Always anticipate possible mountain wave
turbulence when strong winds of 40 knots or
greater blow across amountain or ridge and the air
isstable.

Y ou should not be surprised at any degree of
turbulence in amountain wave. Reports of
turbulence range from none to turbul ence violent
enough to damage the aircraft, but most reports
show something in between.

MOUNTAIN FLYING

When planning a flight over mountainous terrain,
gather as much preflight information as possible on
cloud reports, wind direction, wind speed, and
stability of air. Satellites often help locate mountain
waves. Figures 84 and 85 are photographs of
mountain wave clouds taken from spacecraft.
Adequate information may not always be available,
so remain alert for signpostsin the sky. What
should you look for both during preflight planning
and during your inflight observations?

Wind at mountain top level in excess of 25 knots
suggests some turbulence. Wind in excess of 40
knots across a mountain barrier dictates caution.
Stratified clouds mean stable air. Standing lentic-



ular and/or rotor clouds suggest a mountain wave,
expect turbulence many milesto the lee of
mountains and rel ative smooth flight on the
windward side. Convective clouds on the windward
side of mountains mean unstable air; expect
turbulencein close proximity to and on either side
of the mountain .

When approaching mountains from the leeward
side during strong winds, begin your climb well
away from the mountains—100 milesin amountain
wave and 30 to 50 miles otherwise. Climb to an
altitude 3,000 to 5,000 feet above mountain tops
before attempting to cross. The best procedureisto
approach aridge at a45° angle to enable arapid
retreat to calmer air. If unable to make good on your
first attempt and you have higher altitude

capabilities, you may back off and make another
attempt at higher atitude. Sometimes you may have

to choose between turning back or detouring the
area

Flying mountain passes and valleysis not a safe
procedure during high winds. The mountains
funnel the wind into passes and valleys thus
increasing wind speed and intensifying turbulence.
If winds at mountain top level are strong, go high,
or go around.

Surface wind may berelatively cam in avalley
surrounded by mountains when wind aloft is
strong. If taking off in the valley, climb above
mountain top level before leaving the valley.
Maintain lateral clearance from the mountains
sufficient to allow recovery if caught in a
downdraft.

WIND SHEAR

Asdiscussed in chapter 4, wind shear generates eddies between two wind currents of differing velocities. The differences
may beinwind speed, wind direction, or in both. Wind shear may be
associated with either awind shift or awind speed gradient at any level in the atmosphere. Three conditions are of special
interest—( 1) wind shear with alow-level temperatureinversion, (2) wind shear



inafrontal zone, and ( 3) clear air turbulence
(CAT) at high levels associated with a jet stream or
strong circulation. High-level clear air turbu-

lenceisdiscussed in detail in chapter 13, "High
Altitude Weather."

WIND SHEAR WITH A LOW-LEVEL
TEMPERATURE INVERSION

A temperature inversion forms near the surface
on aclear night with calm or light surface wind as
discussed in chapter 2. Wind just above the
inversion may berelatively strong. Asillustrated in
figure 86, awind shear zone devel ops between the
calm and the stronger winds above. Eddiesin the
shear zone cause airspeed fluctuations as an
aircraft climbs or descends through the inversion.
An aircraft most likely is either climbing from
takeoff or approaching to land when passing
through the inversion; therefore, airspeed is slow—
only afew knots greater than stall speed. The
fluctuation in airspeed can induce a stall
precariously close to the ground.

Since surfacewind is calm or very light, takeoff or
landing can bein any direction. Takeoff may bein

the direction of the wind above the inversion. If so,
the aircraft encounters a sudden tailwind and a
corresponding loss of airspeed when climbing
through theinversion. Stall is possible. If approach
isinto the wind above the inversion, the headwind
issuddenly lost when descending through the
inver-

sion. Again, asudden lossin airspeed may induce
astall.

When taking off or landing in calm wind under
clear skieswithin afew hours before or after
sunrise, be prepared for atemperature inversion
near the ground. Y ou can be relatively certain of a
shear zonein theinversion if you know the wind at
2,000 to 4,000 feet is 25 knots or more. Allow a
margin of airspeed above normal climb or approach
speed to alleviate danger of stall in event of
turbulence or sudden change in wind velocity.

WIND SHEAR IN A FRONTAL ZONE

Asyou have learned in chapter 8, afront can
contain many hazards. However, afront can be
between two dry stable air masses and can be
devoid of clouds. Even so, wind changes abruptly
in the frontal zone and can induce wind shear
turbulence. The degree of turbulence depends on
the magnitude of the wind shear. When turbulence
is expected in afrontal zone, follow turbulence
penetration procedures recommended in your
aircraft manual.

WAKE TURBULENCE



An aircraft receivesitslift by accelerating a mass
of air downward. Thus, whenever thewings are
providing lift, air isforced downward under the
wings generating rotary motions or vortices off the
wing tips. When the landing gear bears the entire
weight of the aircraft, no wing tip vortices

develop. But the instant the pilot "hauls back" on
the controls, these vortices begin. Figure 87
illustrates how they might appear if visible behind
the plane as it breaks ground. These vortices
continue throughout the flight and until the craft
again settles firmly on itslanding gear.



These vortices spread downward and outward
from theflight path. T hey also drift with the wind.
Strength of the vorticesis proportional to the
weight of the aircraft aswell as other factors.
Therefore, wake turbulence is more intense behind
large, transport category aircraft than behind small
aircraft. Generally, it is aproblem only when
following the larger aircraft.

The turbulence persists several minutes and may
linger after the aircraft is out of sight. At controlled
airports, the controller generally warns pilotsin the
vicinity of possible wake turbulence. When left to
your own resources, you could use afew pointers.
Most jets when taking off lift the nose wheel about
midpoint in the takeoff roll; therefore, vortices
begin about the middle of the takeoff roll. Vortices
behind propeller aircraft begin only ashort distance
behind lift-off. Following alanding of either type of
aircraft, vortices end at about the point where the
nose wheel touches down. Avoid flying through
these vortices. More specifically, when using the
same runway as a heavier aircraft:

(1) if landing behind another aircraft, keep
your approach above his approach and keep your
touchdown beyond the point where his nose wheel
touched the runway (figure 88 (A) );

(2) if landing behind a departing aircraft, land
only if you can complete your landing roll

before reaching the midpoint of his takeoff roll
(figure 88 (B) );

(3) if departing behind another departing
aircraft, take off only if you can become airborne
before reaching the midpoint of histakeoff roll and
only if you can climb fast enough to stay above his
flight path (figure88 (C) ); and

(4) if departing behind alanding aircraft, don't
unless you can taxi onto the runway beyond the
point at which his nose wheel touched down and
have sufficient runway left for safe takeoff (figure

88(1)).

If parallel runways are available and the heavier
aircraft takes off with acrosswind on the downwind
runway, you may safely use the upwind runway.
Never land or take off downwind front the heavier
aircraft. When using arunway crossing hisrunway,
you may safely use the upwind portion of your
runway. Y ou may cross behind adeparting aircraft
behind the midpoint of histakeoff roll. Y ou may
cross ahead of alanding aircraft ahead of the point
at which his nose wheel touches down. If none of
these proceduresis possible, wait 5 minutes or so
for the vortices to dissipate or to blow off the
runway.

The foregoing procedures are elementary. The
problem of wake turbulence is more operational
than meteorological. The FAA issues periodic ad-



visory circulars of operational problems. If you plan advisory circulars on wake turbulence. Titles of

to operate out of airports used routinely by air these circulars arelisted in the FAA "Advisory
carriers, we highly recommend you read the latest Circular Checklist and Status of Regulations.”
IN CLOSING

We have discussed causes of turbulence, classified it into types, and offered some flight procedures to avoid it or
minimize its hazards. Occurrences of turbulence, however, arelocal in extent and transient in character. A forecast of
turbulence specifies a volume of airspace that is small when compared to usable airspace but relatively large compared to
the localized extent of the hazard. Although general forecasts of turbulence are quite good, forecasting precise locationsis
at present impossible.

Generally, when a pilot receives aforecast, he plans hisflight to avoid areas of most probable turbulence. Y et the best
laid plans can go astray

and he may encounter turbulence. Since no instruments are currently available for directly observing turbulence, the man
on the ground can only confirm its existence or absence via pilot reports.
HELP YOUR FELLOW PILOT AND THE WEATHER SERVICE—SEND PILOT REPORTS,

To make reports and forecasts meaningful, turbulence is classified into intensities based on the effectsit has on the
aircraft and passengers. Section 16 of AVIATION WEATHER SERVICES (AC 00-45) lists and describes these intensities.
Use this guide in reporting your turbulence encounters.




Chapter 10
ICING

Aircraft icing is one of the major weather hazardsto
aviation. Icing is a cumulative hazard. It reduces
aircraft efficiency by increasing weight, reducing
lift, decreasing thrust, and increasing drag. As
shown in figure 89, each effect tends to either slow
the aircraft or forceit downward. Icing also
seriously impairs aircraft engine performance. Other
icing effectsinclude false indications on flight
instruments, loss of radio communications, and loss
of operation of control surfaces, brakes, and
landing gear.

In this chapter we discuss the principles of
structural, induction system, and instrument icing
and relate icing to cloud types and other factors.
Although ground icing and frost are structural
icing, we discuss them separately because of their
different effect on an aircraft. And we wind up the
chapter with afew operational pointers.



STRUCTURAL ICING

Two conditions are necessary for structural icing
in flight: the aircraft must be flying through visible
water such asrain or cloud droplets, and (2~ the
temperature at the point where the moisture strikes
the aircraft must be 0° C or colder. Aerodynamic
cooling can lower temperature of an airfoil to 0° C
even though the ambient temperatureis afew
degrees warmer.

Supercool ed water increases the rate of icing and
is essential to rapid accretion. Supercooled water is
in an unstable liquid state; when an aircraft strikes a
supercooled drop, part of the drop freezes
instantaneously. The latent heat of fusion released
by the freezing portion raises the temperature of the
remaining portion to the melting point.
Aerodynamic effects may cause the remaining
portion to freeze. The way in which the remaining
portion freezes determines the type of icing. The
types of structural icing are clear, rime, and a
mixture of the two. Each type hasitsidentifying
features.

CLEARICE

Clear ice formswhen, after initial impact, the
remaining liquid portion of the drop flows out over
the aircraft surface gradually freezing as a smooth
sheet of solid ice. Thistype formswhen drops are
largeasin rain or in cumuliform clouds.

Figure 90 illustratesice on the cross section of an
airfoil, clear ice shown at the top. Figures 91 and 92
are photographs of clear structural icing. Clear iceis
hard, heavy, and tenacious. Its removal by deicing
equipment is especially difficult.

RIME ICE

Rimeice formswhen drops are small, such as
thosein stratified clouds or light drizzle. Theliquid
portion remaining after initial impact freezesrapidly
before the drop has time to spread over the aircraft
surface. The small frozen dropletstrap air between
them giving the ice awhite appearance as



shown at the center of figure 90. Figure 93isa
photograph of rime.

Rimeiceislighter in weight than clear iceand its
weight is of little significance. However, itsirregular
shape and rough surface makeiit very effectivein
decreasing aerodynamic efficiency of airfoils, thus
reducing lift and increasing drag. Rimeiceis brittle
and more easily removed than clear ice.

MIXED CLEAR AND RIME ICING

Mixed ice formswhen drops vary in size or when
liquid drops are intermingled with snow or ice
particles. It can form rapidly. | ce particles become
imbedded in clear ice, building avery rough
accumulation sometimes in a mushroom shape on
leading edges as shown at the bottom of figure 90.
Figure 94 is a photo of mixed icing built up ona
pitot tube.

ICING INTENSITIES

By mutual agreement and for standardization the
FAA, National Weather Service, the military
aviation weather services, and aircraft operating
organizations have classified aircraft structural
icing into intensity categories. Section 16 of
AVIATION WEATHER SERVICES (AC 00-45) has
atablelisting these intensities. The tableisyour
guide in estimating how ice of a specific intensity

will affect your aircraft. Usethetablealsoin
reporting ice when you encounter it.









INDUCTION SYSTEM ICING

Icefreguently formsin the air intake of an engine
robbing the engine of air to support combustion.
This type icing occurs with both piston and jet
engines, and almost everyonein the aviation
community is familiar with carburetor icing. The
downward moving piston in a piston engine or the
compressor in ajet engine formsapartial vacuum in
the intake. Adiabatic expansion in the partial
vacuum coolstheair. Ice forms when the
temperature drops below freezing and sufficient

moistureis present for sublimation. In piston
engines, fuel evaporation produces additional
cooling. Induction icing always lowers engine
performance and can even reduce intake flow below
that necessary for the engine to operate. Figure 95
illustrates carburetor icing.

Induction icing potential varies greatly among
different aircraft and occurs under a wide range of
meteorological conditions. It isprimarily an
engineering and operating problem rather than
meteorological.



INSTRUMENT ICING

Icing of the pitot tube as seen in figure 96 reduces

ram. air pressure on the airspeed indicator and
renders the instrument unreliable. Most modern
aircraft also have an outside static pressure port as
part of the pitot-static system. Icing of the static
pressure port reduces reliability of all instruments
on the system—the airspeed, rate-of-climb, and the
atimeter.

Ice forming on the radio antenna distortsits
shape, increases drag and imposes vibrations that
may result in failure in the communications system
of the aircraft. The severity of thisicing, depends
upon the shape, location and orientation of the
antenna. Figure 97 is a photograph of clear ice on
an antenna mast.

ICING AND CLOUD TYPES

Basically, all clouds at subfreezing temperatures
have icing potential. However, drop size, drop
distribution, and aerodynamic effects of the aircraft
influence ice formation. Ice may not form even
though the potential exists.

The condition most favorable for very hazardous
icing isthe presence of many large, supercooled
water drops. Conversely, an equal or lesser number
of smaller droplets favors a slower rate of icing.

Small water droplets occur most often in fog and
low-level clouds. Drizzle or very light rainis
evidence of the presence of small dropsin such

clouds; but in many cases there is no precipitation
at all. The most common typc of icing founcl in
lowerlevel stratus cloudsisrime.
On the other hand, thick extensive stratified

cloudsthat produce continuous rain such as
altostratus and nimbostratus usually have an
abundance of liquid water because of the relatively
larger drop size and number. Such cloud systemsin
winter may cover thousands of square miles and
present very seriousicing conditions for protracted
flights. Particularly in thick stratified clouds,
concentrations of liquid water normally are greater



with warmer temperatures. Thus, heaviest icing
usually will be found at or slightly above the
freezing level where temperatureis never more than
afew degrees below freezing. In layer type clouds,
continuousicing conditions arc rarely found to be
more than 5,000 feet above the freezing level, and
usually are two or three thousand feet thick.

The upward currentsin cumuliform clouds are



favorable for the formation and support of many
large water drops. The size of raindrops and rainfall
intensity normally experienced from showers and
thunderstorms confirm this. When an aircraft enters
the heavy water concentrations found in
cumuliform clouds, the large drops break and
spread rapidly over the leading edge of the airfoil
forming afilm of water. If temperatures are freezing
or colder, the water freezes quickly to form asolid
sheet of clear ice. Pilotsusually avoid cumuliform
clouds when possible. Conseguently, icing reports
from such clouds are rare and do not indicate the
frequency with which it can occur.

The updraftsin cumuliform clouds carry large
amounts of liquid water far above the freezing level.
On rare occasions icing has been encountered in
thunderstorm clouds at altitudes of 30,000 to 40,000
feet where the free air temperature was colder than
minus 40° C.

While an upper limit of critical icing potential
cannot he specified in cumuliform clouds, the
cellular distribution of such clouds usualy limits
the horizontal extent of icing conditions. An
exception, of course, may be found in a protracted
flight through a broad zone of thunderstorms or
heavy showers.

OTHER FACTORS IN ICING

In addition to the above, other factors also enter
into icing. Some of the more important ones are
discussed below.

FRONTS

A condition favorable for rapid accumulation of
clear icing isfreezing rain below afronta surface.
Rain forms above the frontal surface at temperatures
warmer than freezing. Subsequently, it falls through
air at temperatures below freezing and becomes
supercooled. The supercooled drops freeze on
impact with an aircraft surface. Figure 98 diagrams
thistype of icing. It may occur with either awarm
front (top) or acold front. Theicing can



be critical because of the large amount of
supercooled water. |cing can also become serious
in cumulonimbus clouds along a surface c old front,
along asquall line, or embedded in the cloud shield
of awarm front.

TERRAIN

Air blowing upslopeis cooled adiabatically.
When the air is cooled below the freezing point,

the water becomes supercooled. In stable air
blowing up agradual slope, the cloud drops
generally remain comparatively small since larger
dropsfall out asrain. |ce accumulation is rather
slow and you should |eave ample time to get out of
it before the accumulation becomes extremely
dangerous. When air is unstable, convective
clouds develop a more serious hazard as described
in"lcing and Cloud Types."



Icing is more probable and more hazardousin
mountainous regions than over other terrain.

M ountain ranges cause rapid upward air motions
on the windward side, and these vertical currents
support large water drops. T he movement of a
frontal system across a mountain range often
combines the normal frontal lift with the upslope
effect of the mountains to create extremely
hazardousicing zones.

Each mountainous region has preferred areas of
icing depending upon the orientation of mountain
ranges to the wind flow. The most dangerousicing
takes place above the crests and to the windward
side of the ridges. This zone usually extends about
5,000 feet above the tops of the mountains; but
when clouds are cumuliform, the zone may extend
much higher.

Frost, ice pellets, frozen rain, or snow may
accumulate on parked aircraft. Y ou should remove
all ice prior to takeoff, for it reduces flying
efficiency of the aircraft. Water blown by propellers
or splashed by wheels of an airplane asit taxisor
runsthrough

Frost isahazard to flying long recognized in the
aviation community. Experienced pilots have
learned to remove all frost from airfoils prior to
takeoff. Frost forms near the surface primarily in
clear, stable air and with light winds conditions
whichin all other respects make weather ideal for
flying. Because of this, the real hazard is often
minimized. Thin metal airfoils are especialy
vulnerable surfaces on which frost will form. Figure
99 is aphotograph of frost on an airfoil.

Frost does not change the basic aerodynamic
shape of the wing, but the roughness of its surface
spoils the smooth flow of air thus causing a
slowing of the airflow. This slowing of the air
causes

SEASONS

Icing may occur during any season of the year;
but in temperate climates such as cover most of the
contiguous United States, icing is more frequent in
winter. Thefreezing level isnearer the groundin
winter than in summer leaving asmaller low-level
layer of airspace free of icing conditions. Cyclonic
storms al'so are more frequent in winter, and the
resulting cloud systems are more extensive. Polar
regions have the most dangerousicing conditions
in spring and fall. During the winter the air is
normally too cold in the polar regionsto contain
heavy concentrations of moisture necessary for
icing, and most cloud systems are stratiform and are
composed of ice crystals.

GROUND ICING

pools of water or mud may result in serious aircraft
icing. Ice may form in wheel wells, brake
mechanisms, flap hinges, etc., and prevent proper
operation of these parts. I ce on runways and
taxiways create traction and braking problems.

FROST

early air flow separation over the affected airfail
resulting in aloss of lift. A heavy coat of hard frost
will cause a5 to 10 percent increasein stall speed.
Even asmall amount of frost on airfoils may prevent
an aircraft from becoming airborne at normal takeoff
speed. Also possibleisthat, once airborne, an
aircraft could have insufficient margin of airspeed
above stall so that moderate gusts or turning flight
could produce incipient or complete stalling.

Frost formation in flight offers amore complicated
problem. The extent to which it will formisstill a
matter of conjecture. At most, it is comparatively
rare.

IN CLOSING



Icing iswhere you find it. Aswith turbulence, icing
may belocal in extent and transient in character.
Forecasters can identify regionsin whichicingis
possible. However, they cannot define the precise
small pocketsin which it occurs. You

should plan your flight to avoid those areas where
icing probably will be heavier than your aircraft can
handle. And you must be prepared to avoid or to
escape the hazard when encountered en route.



Here are afew specific points to remember:

1. Before takeoff, check weather for possibleicing
areas along your planned route. Check for pilot
reports, and if possibletalk to other pilots who
have flown along your proposed route.

2. If your aircraft is not equipped with deicing or
anti-icing equipment, avoid areas of icing.
Water (clouds or precipitation) must be visible
and outside air temperature must be near 0° C or
colder for structural iceto form.

3. Alwaysremoveice or frost from airfoils before
attempting takeoff.

4. In cold weather, avoid, when possible, taxing or
taking off through mud, water, or slush. If you
have taxied through any of these, make a
preflight check to ensure freedom of controls.

5. When climbing out through anicing layer, climb
at an airspeed alittle faster than normal to avoid
astall.

6. Use deicing or anti-icing equipment when
accumulations of ice are not too great. When
such equipment becomes less than totally
effective, change course or altitude to get out of
theicing asrapidly as possible.

7. If your aircraft is not equipped with a pitot-static
system deicer, be alert for erroneous readings
from your airspeed indicator, rate-of-climb
indicator, and altimeter.

8. In stratiform clouds, you can likely alleviateicing
by changing to aflight level and above-freezing
temperatures or to one colder than —10° C. An
altitude change also may take you out of
clouds. Rimeicing in stratiform clouds can be
very extensive horizontally.

9. In frontal freezing rain, you may be ableto climb
or descend to alayer warmer than freezing.
Temperatureis always warmer than freezing at

10

some higher altitude. If you are going to climb,
move quickly; procrastination may leave you
with too much



ice. If you are going to descend, you must know
the temperature and terrain below.

10. Avoid cumuliform cloudsif at all possible.
Clear ice may be encountered anywhere above
the freezing level. Most rapid accumulations
are usually at temperatures from 0° C to —15°
C.

11. Avoid abrupt maneuvers when your aircraft is
heavily coated with ice since the aircraft has
lost some of its aerodynamic efficiency.

12. When "iced up," fly your landing approach
with power.

The man on the ground has no way of observing
actual icing conditions. His only confirmation of the
existence or absence of icing comes from pilots.
Help your fellow pilot and the weather service by
sending pilot reports when you encounter icing or
when icing isforecast but none encountered. Use
thetablein Section 16 of AVIATION WEATHER
SERVICES asaguidein reporting intensities.

Many times you have to make decisions
involving thunderstorms and flying. This chapter
looks at where and when thunderstorms occur most
frequently, explainswhat creates a storm, and looks

Chapter 11
THUNDERSTO
RMS

inside the storm at what goes on and what it can do
to an aircraft. The chapter also describes how you can
use radar and suggests some do's and don'ts of
thunderstorm flying.

WHERE AND WHEN?

In sometropical regions, thunderstorms occur year-
round. In midlatitudes, they develop most frequently in
spring, summer, and fall. Arctic regions occasionally
experience thunderstorms during summer.

Figure 100 shows the average number of thunderstorms
each year in the adjoining 48 States. Note

the frequent occurrences in the south-central and
southeastern States. The number of days on which
thunderstorms occur varies widely from season to
season as shown in figures 101 through 104. In
general, thunderstorms are most frequent during July
and August and least frequent in December and
January.

11
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downdrafts. Outside the cloud, shear turbulence has
been encountered several thousand feet above and 20
miles laterally from asevere storm. A low level
turbulent areais the shear zone between the plow
wind and surrounding air. Often, a"roll cloud" on the
leading edge of a storm marks the eddiesin this shear.
Theroll cloud is most prevalent with cold frontal or
squall line thunderstorms and signifies an extremely
turbulent zone. The first gust causes arapid and
sometimes drastic change in surface wind ahead of an
approaching storm. Figure 113 shows a schematic
cross section of athunderstorm with areas outside
the cloud where turbulence may be encountered.

It isalmost impossible to hold a constant altitudein
athunderstorm, and maneuvering in an attempt to do
so greatly increases stresses on the aircraft. Stresses
will be least if the aircraft is held in a constant attitude
and allowed to "ride the waves." To date, we have no
sure way to pick "soft spots" in athunderstorm.

ICING

Updrafts in athunderstorm support abundant liquid
water; and when carried above the freezing level, the
water becomes supercooled. When temperature in the
upward current cools to about —15° C, much of the
remaining water vapor sublimates asice crystals; and
abovethislevel, the amount of supercooled water
decreases.

Supercooled water freezes on impact with an aircraft
(see chapter 10). Clear icing can occur at any altitude
above the freezing level; but at high levels, icing may
be rime or mixed rime and clear. The abundance of

supercooled water makes clear icing very rapid
between 0° C and—15° C, and encounters can be
frequent in acluster of cells. Thunderstorm icing can
be extremely hazardous.

HAIL

Hail competes with turbulence as the greatest
thunderstorm hazard to aircraft. Supercooled drops
above the freezing level begin to freeze. Once adrop
has frozen, other dropslatch on and freezeto it, so
the hailstone grows—sometimesinto a huge iceball.
Large hail occurs with severe thunderstorms usually
built to great heights. Eventually the hailstones fall,
possibly some distance from the storm core. Hail has
been observed in clear air several milesfrom the
parent thunderstorm.

Ashailstones fall through the melting level, they
begin to melt, and precipitation may reach the ground
aseither hail or rain. Rain at the surface does not
mean the absence of hail aloft. Y ou should anticipate
possible hail with any thunderstorm, especially
beneath the anvil of alarge cumulonimbus. Hailstones
larger than one-half inch in diameter can significantly
damage an aircraft in afew seconds. Figure 114 isa
photograph of an aircraft flown through a"hail" of a
thunderstorm.

LOW CEILING AND VISIBILITY

Visibility generally is near zero within a
thunderstorm cloud. Ceiling and visibility also can
become restricted in precipitation and dust between
the cloud base and the ground. The restrictions create
the same problem as all ceiling and visibility
restrictions; but the hazards are increased many fold
when associated with the other thunderstorm hazards
of turbulence, hail, and lightning which make
precision instrument flying virtually impossible.
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EFFECT ON ALTIMETERS

Pressure usually falls rapidly with the approach of a
thunderstorm, then rises sharply with the onset of the
first gust and arrival of the cold downdraft and heavy
rain showers, falling back to normal asthe storm
moves on. This cycle of pressure change may occur
in 15 minutes. If the altimeter setting is not corrected,
the indicated altitude may bein error by over 100 feet.

THUNDERSTORM ELECTRICITY

Electricity generated by thunderstormsisrarely a
great hazard to aircraft, but it may cause damage and
isannoying to flight crews. Lightning is the most
spectacular of the electrical discharges.

Lightning

A lightning strike can puncture the skin of an
aircraft and can damage communication and electronic
navigational equipment. Lightning has been
suspected of igniting fuel vapors causing explosion;
however, serious accidents due to lightning strikes
are extremely rare. Nearby lightning can blind the pilot
rendering him momentarily unable to navigate either
by instrument or by visual reference. Nearby lightning
can also induce permanent errorsin the magnetic
compass. Lightning discharges, even distant ones,
can disrupt radio communications on low and medium
frequencies.

A few pointers on lightning:
1. The more frequent the lightning, the more severe
the thunderstorm.
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2. Increasing frequency of lightning indicates a
growing thunderstorm.

3. Decreasing lightning indicates a storm nearing the
dissipating stage.

4. At night, frequent distant flashes playing along a
large sector of the horizon suggest a probable
squall line.

Precipitation Static

Precipitation static, asteady, high level of noisein
radio receiversis caused by intense corona
discharges from sharp metallic points and edges of

flying aircraft. It is encountered often in the vicinity
of thunderstorms. When an aircraft flies through
clouds, precipitation, or aconcentration of solid

particles (ice, sand, dust, etc.), it accumulates acharge

of static electricity. The electricity discharges onto a
nearby surface or into the air causing a noisy
disturbance at lower frequencies.

The coronadischarge is weakly luminous and may
be seen at night. Although it has arather eerie
appearance, it isharmless. It was named "St. EImo's
Fire" by Mediterranean sailors, who saw the brushy
discharge at the top of ship masts.
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THUNDERSTORMS AND RADAR

Weather radar detects droplets of precipitation size.
Strength of the radar return (echo) depends on drop
size and number. The greater the number of drops, the
stronger is the echo; and the larger the drops, the
stronger isthe echo. Drop size determines echo
intensity to amuch greater extent than does drop
number.

M eteorol ogists have shown that drop size is almost
directly proportional to rainfall rate; and the greatest
rainfall rate isin thunderstorms. Therefore, the
strongest echoes are thunderstorms. Hailstones
usually are covered with afilm of water and, therefore,
act as huge water droplets giving the strongest of all
echoes. Showers show less intense echoes; and
gentlerain and snow return the weakest of all echoes.
Figure 115 is a photograph of aground based radar
scope.

Since the strongest echoes identify thunderstorms,
they also mark the areas of greatest hazards. Radar
information can be valuabl e both from ground based
radar for preflight planning and from airborne radar for
severe weather avoidance.

Thunderstorms build and dissipate rapidly, and
they also may move rapidly. Therefore, do not attempt
to preflight plan a cour se between echoes. The best
use of ground radar information isto isolate general
areas and coverage of echoes. Y ou must evade
individual stormsfrom inflight observations either by
visual sighting or by airborne radar.

Airborne weather avoidance radar is, asits name
implies, for avoiding severe weather—not for
penetrating it. Whether to fly into an area of radar

echoes depends on echo intensity, spacing between
the echoes, and the capabilities of you and your

19



aircraft. Remember that weather radar detects only
precipitation drops; it does not detect minute cloud
droplets. Therefore, the radar scope provides no
assurance of avoiding instrument weather in clouds
and fog. Y our scope may be clear between intense
echoes; this clear area does not necessarily mean you
can fly between the storms and maintain visual
sighting of them.

The most intense echoes are severe thunder-

storms. Remember that hail may fall several milesfrom
the cloud, and hazardous turbulence may extend as
much as 20 miles from the cloud. Avoid the most
intense echoes by at least 20 miles; that is, echoes
should be separated by at |east 40 miles before you
fly between them. As echoes diminish in intensity,
you can reduce the distance by which you avoid

them. Figure 116 illustrates use of airborneradar in
avoiding thunderstorms.

DO'S AND DON'TS OF THUNDERSTORM FLYING

Above all, remember this: never regard any
thunderstorm as "light" even when radar observers
report the echoes are of light intensity. Avoiding
thunderstorms is the best policy. Following are some
Do'sand Don'ts of thunderstorm avoidance:

1. Don't land or take off in the face of an approaching
thunderstorm. A sudden wind shift or low level
turbulence could cause loss of control.

2. Don't attempt to fly under athunderstorm even if

you can see through to the other side. Turbulence

under the storm could be disastrous.

3. Don't try to circumnavigate thunderstorms covering

6/10 of an areaor more either visualy or by
airborneradar.

4. Don't fly without airborne radar into a cloud mass
containing scattered embedded
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thunderstorms. Scattered thunderstorms not 8. If using airborne radar, tilt your antenna

embedded usually can be visually circumnavigated.

5. Do avoid by at least 20 miles any thunderstorm
identified as severe or giving an intense radar
echo. Thisis especially true under the anvil of a
large cumulonimbus.

6. Do clear the top of aknown or suspected severe
thunderstorm by at least 1,000 feet altitude for
each 10 knots of wind speed at the cloud top. This
would exceed the altitude capability of most
aircraft.

7. Do remember that vivid and frequent lightning
indicates a severe thunderstorm.

8. Do regard as severe any thunderstorm with tops
35,000 feet or higher whether the top isvisually
sighted or determined by radar.

If you cannot avoid penetrating a thunderstorm,
following are some Do's Befor e entering the storm:

1. Tighten your safety belt, put on your shoulder
harnessif you have one, and secure all loose
objects.

2. Plan your course to take you through the stormin
aminimum time and hold it.

3. To avoid the most critical icing, establish a
penetration altitude below the freezing level or
abovethelevel of —15° C.

4. Turn on pitot heat and carburetor or jet inlet heat.
Icing can berapid at any altitude and cause almost
instantaneous power failure or loss of airspeed
indication.

5. Establish power settings for reduced turbulence
penetration airspeed recommended in your aircraft
manual. Reduced airspeed |essens the structural
stresses on the aircraft.

6. Turn up cockpit lights to highest intensity to lessen
danger of temporary blindness from lightning.

7. If using automatic pilot, disengage altitude hold
mode and speed hold mode. The automatic
altitude and speed controls will increase
maneuvers of the aircraft thusincreasing
structural stresses.
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up and down occasionally. Tilting it up may detect a
hail shaft that will reach a point on your course by the
timeyou do. Tilting it down may detect agrowing
thunderstorm cell that may reach your altitude.

Following are some Do's and Don'tsDuring
thunderstorm penetration:

1. Do keep your eyes on your instruments. Looking
outside the cockpit can increase danger of
temporary blindness from lightning.

2. Don't change power settings; maintain settings for
reduced airspeed.

3. Do maintain a constant attitude; let the aircraft
"ride the waves." Maneuversin trying to maintain
constant altitude increase stresses on the aircraft.

4. Don't turn back once you are in the thunderstorm.
A straight course through the storm most likely
will get you out of the hazards most quickly. In
addition, turning maneuvers increase stresses on
the aircraft.

Chapter 12

COMMON IFR PRODUCERS

Most aircraft accidents related to low
ceilings and visibilities involve pilots who are not
instrument qualified. These pilots attempt flight by
visual reference into weather that is suitable at best
only for instrument flight. When you lose sight of
the visual horizon, your senses deceive you; you
lose sense of direction—you can't tell up from
down. Y ou may doubt that you will lose your sense
of direction, but one good scare has changed the
thinking of many apilot. " Continued VFR into

adverse weather" is the cause of about 25 percent
of all fatal general aviation accidents.

Minimum values of ceiling and visibility
determine Visual Flight Rules. Lower ceiling and/or
visibility require instrument flight. Ceiling isthe
maximum height from which a pilot can maintain
VFR in reference to the ground. Visibility is how far

he can see. AVIATION WEATHER SERVICES (AC
00-45) contains details of ceiling and visibility
reports.
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Don't let yourself be caught in the statistics of
"continued VFR into adverse weather." IFR
producers are fog, low clouds, haze, smoke,
blowing

Fog is asurface based cloud composed of either
water droplets or ice crystals. Fog is the most
frequent cause of surface visibility below 3 miles,
and is one of the most common and persistent
weather hazards encountered in aviation. The
rapidity with which fog can form makesiit especially
hazardous. It isnot unusual for visibility to drop
from VFR to lessthan amilein afew minutes. It is
primarily a hazard during takeoff and landing, but it
isalso important to VFR pilots who must maintain
visual reference to the ground.

Small temperature-dew point spread is essential
for fog to form. Therefore, fog is prevalent in
coastal areaswhere moisture is abundant. However,
fog can occur anywhere. Abundant condensation
nuclei enhances the formation of fog. Thus, fogis
prevalent in industrial areas where . byproducts of
combustion provide a high concentration of these
nuclei. Fog occurs most frequently in the colder
months, but the season and frequency of
occurrence vary from one area to another.

Fog may form (1) by cooling air to its dew point,
or (2) by adding moisture to air near the

obstructionsto vision, and precipitation. Fog and
low stratus restrict navigation by visual reference
more often than all other weather parameters.

FOG

ground. Fog is classified by the way it forms.
Formation may involve more than one process.

RADIATION FOG

Radiation fog isrelatively shallow fog. It may be
dense enough to hide the entire sky or may conceal
only part of the sky. "Ground fog" isaform of
radiation fog. Asviewed by apilot in flight, dense
radiation fog may obliterate the entire surface below
him; aless dense fog may permit his observation of
asmall portion of the surface directly below him.
Tall objects such as buildings, hills, and towers
may protrude upward through ground fog giving
the pilot fixed references for VFR flight. Figure 117
illustrates ground fog as seen from the air.

Conditions favorable for radiation fog are clear
sky, little or no wind, and small temperature-dew
point spread (high relative humidity). The fog forms
almost exclusively at night or near daybreak.
Terrestrial radiation cools the ground; in turn, the
cool ground coolsthe air in contact with it. When
theair is cooled to its dew point, fog forms. When
rain soaks the ground, followed by clearing skies,
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radiation fog is not uncommon the following
morning.

Radiation fog isrestricted to land because water
surfaces coal little from nighttime radiation. It is
shallow when wind is calm. Winds up to about 5
knots mix the air slightly and tend to deepen the fog
by spreading the cooling through a deeper layer.
Stronger winds disperse the fog or mix the air
through a still deeper layer with stratus clouds
forming at the top of the mixing layer.

Ground fog usually "burns off' rather rapidly after
sunrise. Other radiation fog generally clears before
noon unless clouds movein over the fog.

ADVECTION FOG

Advection fog forms when moist air moves over
colder ground or water. It ismost common along
coastal areas but often develops deep in
continental areas. At seaitiscalled "seafog."
Advection fog deepens as wind speed increases up
to about 15 knots. Wind much stronger than 15
knotsliftsthe fog into alayer of low stratus or
stratocumulus.

The west coast of the United Statesis quite
vulnerable to advection fog. Thisfog frequently
forms

offshore asaresult of cold water as shown in
figure 118 and thenis carried inland by the wind.
During the winter, advection fog over the central
and eastern United States results when moist air
from the Gulf of Mexico spreads northward over
cold ground as shown in figure 119. The fog may
extend as far north asthe Great Lakes. Water areas
in northern latitudes have frequent dense seafogin
summer as aresult of warm, moist, tropical air
flowing northward over colder Arctic waters.

A pilot will notice little difference between flying
over advection fog and over radiation fog except
that skies may be cloudy above the advection fog.
Also, advection fog is usually more extensive and
much more persistent than radiation fog. Advection
fog can move in rapidly regardless of the time of
day or night.

UPSLOPE FOG

Upslope fog forms as aresult of moist, stable air
being cooled adiabatically asit moves up sloping
terrain. Once the upslope wind ceases, the fog
dissipates. Unlike radiation fog, it can form under
cloudy skies. Upslope fog is common along the
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eastern slopes of the Rockies and somewhat |ess
frequent east of the Appalachians. Upslope fog
often is quite dense and extends to high altitudes.

PRECIPITATION-INDUCED FOG

When relatively warm rain or drizzle falls through
cool air, evaporation from the precipitation
saturates the cool air and forms fog. Precipitation
induced fog can become quite dense and continue
for an extended period of time. Thisfog may extend
over large areas, completely suspending air
operations. It is most commonly associated with
warm fronts, but can occur with slow moving cold
fronts and with stationary fronts.

Fog induced by precipitationisin itself hazard-

ousasisany fog. It isespecialy critical, however,
because it occursin the proximity of precipitation
and other possible hazards such asicing,
turbulence, and thunderstorms.

ICE FOG

Icefog occursin cold weather when the
temperature is much below freezing and water vapor
sublimates directly asice crystals. Conditions
favorable for its formation are the same asfor
radiation fog except for cold temperature, usually —
25° F or colder. It occurs mostly in the Arctic
regions, but is not unknown in middle latitudes
during the cold season. Ice fog can be quite
blinding to someone flying into the sun.

LOW STRATUS CLOUDS

Stratus clouds, like fog, are composed of
extremely small water droplets or ice crystals
suspended in air. An observer onamountainina
stratus layer would call it fog. Stratus and fog
frequently exist together. In many casesthereisno
real line of distinction between the fog and stratus;
rather, one gradually mergesinto the other. Flight
visibility may approach zero in stratus clouds.
Stratus tends to be lowest during night and early
morning, lifting or dissipating due to solar heating
during the late morning or afternoon. L ow stratus
clouds often occur when moist air mixes with a
colder air mass or in any situation where
temperature-dew point spread is small.
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HAZE AND SMOKE

Hazeis a concentration of salt particles or other
dry particles not readily classified as dust or other
phenomenon. It occursin stable air, isusually only
afew thousand feet thick, but sometimes may
extend as high as 15,000 feet. Haze layers often
have definite tops above which horizontal visibility
isgood. However, downward visibility from above
ahazelayer ispoor, especialy on aslant. Visibility
in haze varies greatly depending upon whether the
pilot isfacing the sun. Landing an aircraft into the
sun is often hazardousif hazeis present.

Smoke concentrations form primarily in industrial
areaswhen air is stable. It ismost prevalent at night
or early morning under atemperature inversion but
it can persist throughout the day. Figure 120
illustrates smoke trapped under atemperature
inversion.

When skies are clear above haze or smoke,
visibility generally improves during the day;
however, the improvement is slower than the
clearing of fog. Fog evaporates, but haze or smoke
must be dispersed by movement of air. Haze or
smoke may be blown away; or heating during the
day may cause convective mixing spreading the
smoke or haze to a higher altitude, decreasing the
concentration near the surface. At night or early
morning, radiation fog or stratus clouds often
combine with haze or smoke. The fog and stratus
may clear rather rapidly during the day but the haze
and smoke will linger. A heavy cloud cover above
haze or smoke may block sunlight preventing
dissipation; visibility will improvelittle, if any,
during the day.

BLOWING RESTRICTIONS TO VISIBILITY

Strong wind lifts blowing dust in both stable and
unstable air. When air is unstable, dust islifted to
great heights (as much as 15,000 feet) and may be
spread over wide areas by upper winds. Visibility is
restricted both at the surface and aloft. When air is
stable, dust does not extend to as great a height as
in unstable air and usually is not as widespread.

may occur in any dry areawhere loose sand is
exposed to strong wind.

Blowing snow can be troublesome. Visibility at
ground level often will be near zero and the sky may
become obscured when the particles are raised to
great heights.

Dust, once airborne, may remain suspended and
restrict visibility for several hours after thewind
subsides. Figure 121 is a photograph of adust
storm moving in with an approaching cold front.

Blowing sand is more local than blowing dust; the
sand is seldom lifted above 50 feet. However,
visibilitieswithin it may be near zero. Blowing sand

FIGURE 121. Aeria photograph of blowing dust
approaching with acold front. The dust cloud
outlines the leading surface of the advancing cold
arr.

PRECIPITATION

26



Rain, drizzle, and snow are the forms of
precipitation which most commonly present ceiling
and/or visibility problems. Drizzle or snow restricts
visibility to agreater degree than rain. Drizzlefalls
in stable air and, therefore, often accompanies fog,
haze, or smoke, frequently resulting in extremely
poor visibility. Visibility may be reduced to zero in

heavy snow. Rain seldom reduces surface visibility
below 1 mile except in brief, heavy showers, but rain
does limit cockpit visibility. When rain streams over
the aircraft windshield, freezes on it, or fogs over
theinside surface, the pilot's visibility to the
outside is greatly reduced.

OBSCURED OR PARTIALLY OBSCURED SKY

To be classified as obscuring phenomena, smoke,
haze, fog, precipitation, or other visibility restricting
phenomena must extend upward from the surface.
When the sky istotally hidden by the surface
based phenomena, the ceiling is the vertical
visibility from the ground upward into the
obscuration. If clouds or part of the sky can be
seen above the obscuring phenomena, the
condition is defined as a partial obscuration; a
partial obscuration does not define a ceiling.
However, acloud layer above apartial obscuration
may constitute aceiling.

An obscured ceiling differs from a cloud ceiling.
With acloud ceiling you normally can seethe
ground and runway once you descend below the
cloud base. However, with an obscured ceiling,

Inyour preflight preparation, be aware of or alert
for phenomenathat may produce |FR or marginal
VFR flight conditions. Current charts and special
analyses along with forecast and prognostic charts
are your best sources of information.

window. In any event, your understanding of IFR
producerswill help you make better preflight and
inflight decisions.

the obscuring phenomenarestricts visibility
between your altitude and the ground, and you
have restricted slant visibility. Thus, you cannot
always clearly see the runway or approach lights
even after penetrating the level of the obscuration
ceiling as shown in figure 122.

Partial obscurations also present avisibility
problem for the pilot approaching to land but
usually to alesser degree than the total
obscuration. However, be especially aware of
erratic visibility reduction in the partial obscuration.
Visibility along the runway or on the approach can
instantaneously become zero. This abrupt and
unexpected reduction in visibility can be extremely
hazardous especially on touchdown.

IN CLOSING

Y ou may get your preflight weather from a briefer;
or, you may rely on recorded briefings; and you
always have your own inflight observations. No
weather observation is more current or more
accurate than the one you make through your
cockpit

Do not fly VFR in weather suitable only for IFR. If
you do, you endanger not only your own life but
thelives of othersboth in the air and on the
ground. Remember, the single cause of the greatest
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number of general aviation fatal accidentsis
"continued VFR into adverse weather." The most
common causeis vertigo, but you also run the risk
of flying into unseen obstructions. Furthermore,
pilots who attempt to fly VFR under conditions
below VFR minimums are violating Federal Aviation
Regulations.

Thethreat of flying VFR into adverse weather is
far greater than many pilots might realize. A pilot
may press onward into lowering ceiling and
visibility complacent in thinking that better weather
still lies behind him. Eventually, conditions are too
low to proceed; he no longer can see ahorizon
ahead. But when he attempts to turn around, he
finds so little difference in conditions that he
cannot

re-establish avisual horizon. He continued too far
into adverse weather; he isa prime candidate for
vertigo.

Don't let an overwhelming desire to reach your
destination entice you into taking the chance of
flying too far into adverse weather. The IFR pilot
may think it easier to "sneak" through rather than
go through the rigors of getting an IFR clearance.
The VFR pilot may think, "if | can only makeit a
little farther." If you can go IFR, get aclearance
before you lose your horizon. If you must stay VFR,
do a 180 whileyou still have ahorizon. The 180 is
not the maneuver of cowards. Any pilot knows how
to make a 180; a good pilot knows when.

Be especialy alert for development of:

1. Fog the following morning when at dusk
temperature-dew point spread is 15° F or less,
skies are clear, and winds are light.

2. Fog when moist air is flowing from arelatively
warm surface to a colder surface.
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3. Fog when temperature-dew point spread is5° F
or less and decreasing.

4. Fog or low stratus when a moderate or stronger
moist wind is blowing over an extended
upslope. (Temperature and dew point converge
at about 4° F for every 1,000 feet the air islifted.)

5. Steam fog when air is blowing from a cold surface
(either land or water) over warmer water.

6. Fog when rain or drizzle falls through cool air.
Thisisespecially prevalent during winter ahead
of awarm front and behind a stationary front or
stagnating cold front.

7. Low stratus clouds whenever there is an influx of
low level moisture overriding a shallow cold air
mass.

8. Low visibilities from haze and smoke when a high
pressure area stagnates over an industrial area.

9. Low visihilities due to blowing dust or sand over
semiarid or arid regions when winds are strong
and the atmosphere isunstable. Thisis
especially prevalent in spring. If the dust
extends upward to moderate or greater heights,
it can be carried many miles beyond its source.

10. Low visibility dueto snow or drizzle.
11. An undercast when you must make aVFR
descent.
Expect little if any improvement in visibility
when:
1. Fog exists below heavily overcast skies.
2. Fog occurswith rain or drizzle and precipitationis
forecast to continue.
3. Dust extends to high levels and no frontal
passage or precipitation isforecast.
4. Smoke or haze exists under heavily overcast
skies.
5. A stationary high persists over industrial areas.
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